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ABSTRACT
Intragroup Separation of Trivalent Lanthanides and Actinides for
Neutron Capture Experiments in Stockpile Stewardship Sciences
by
Narek Gharibyan
Dr. Ralf Sudowe, Examination Committee Chair
Assistant Professor of Health Physics and Radiochemistry
University of Nevada, Las Vegas
Knowledge of low-energy cross sections for stable and unstable nuclei in neutron-,
γ- and ion induced reactions is important in both the simulation and radiochemistry diagnosis of nuclear device performance. This dissertation explores extraction
chromatography and ion chromatography methods for the intragroup separation of
trivalent actinides and lanthanides in support of cross section measurements for isotopes of interest. For trivalent actinides, americium (Am(III)) and curium (Cm(III)),
separation is necessary to assist in experiments related to the measurement of neutron capture cross section for

241

Am and the production of

242m

Am/242g Am isomeric

ratio. Extraction chromatography resins (TEVA, TRU, DGA(N), Ac, Ln, Ln2, Ln3)
were characterized to study the absorption of Am(III) and Cm(III) from different
mineral acids (HNO3 , HCl, HBr) in an effort to establish a new separation method.
Radiotracers,

241

Am and

244

Cm, were used for characterization of these resins by

analysis with liquid scintillation counter. From the seven resins, only two systems
(TRU and DGA(N) in HNO3 ) showed any significant difference in the extraction between these trivalent actinides. For those systems, a separation was performed using
column chromatography procedures.
In addition to pure acids, extraction of these actinides from different metal nitrate
systems (LiNO3 , NaNO3 , KNO3 , Mg(NO3 )2 , Ca(NO3 )2 and Al(NO3 )3 ) by Aliquat-336
were studied in both extraction chromatography and solvent extraction experiments.
iii

Extended x-ray absorption fine structure spectroscopy was used to explore the speciation of Am(III) in four different metal nitrate solutions (all except KNO3 ) in order
to better understand salting-out effects that lead to enhanced extraction of trivalent
actinides. Results showed no metal ion dependency on the speciation of Am(III) nitrato complexes. Additionally, for the metal nitrate systems (LiNO3 and Al(NO3 )3 )
that showed the largest difference in extraction between Am(III) and Cm(III), column
chromatography methods were investigated for separation.
In trivalent rare earth separations, an ion chromatography method using a cation
exchange column was established for separation of a neighboring lanthanide pair,
thulium (Tm(III)) and erbium (Er(III)). The focus of this work was to develop a
procedure for the separation of few milligram of thulium (171 Tm) from an irradiated target of erbium (170 Er) to obtain material for neutron capture cross section
measurements on

171

Tm. Ion chromatography studies focused on the optimization

of operating parameters for the separation of these lanthanides with respect to flow
rate, temperature, complexant and pH. Additionally, a method was established for
purification of trivalent lanthanides from complexants to allow for analysis of elution
fractions for individual lanthanides using atomic emission spectroscopy. Five different α-hydroxycarboxylic acids were investigated as complexants in an isocratic elution
system for the separation of these lanthanides of which only two, α-hydroxyisobutyric
acid and α-hydroxy-α-methylbutyric acid, were able to elute lanthanides of the column within a given elution volume.
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CHAPTER 1
INTRODUCTION
One of the major research areas of interest for the National Nuclear Security
Administration (NNSA) Stewardship Science Academic Alliance (SSAA) Program is
“the investigations leading to greater accuracy in the knowledge of low energy cross
sections of stable and unstable nuclei and corresponding reaction rates for neutron-,
γ- and ion induced reactions for both simulation and radiochemistry diagnosis” [1].
For actinides, various isotopes present in small quantities within weapon grade material can be used for the interpretation of nuclear device performance. Thus, accurate
cross section measurements of specific actinide isotopes of interest are vital to the
NNSA and the weapons laboratories mission of maintaining the current stockpile of
nuclear weapons [2]. Similarly, the lanthanides also play a significant role in the radiochemical diagnostics of nuclear device performance [3]. Lanthanides have been used
as radiochemical detectors present in a device in order to obtain a detailed interpretation of post-detonation performance. Hence, accurate measurements are required
for numerous lanthanide isotopes which have not been investigated or have high uncertainties associated with the current cross section values. These measurements of
lanthanide isotopes are relevant not only to stockpile stewardship science but also
to astrophysics to facilitate understanding of element production in stars during the
s-proccess [4].
This work contributes to projects concerned with the cross section measurements
of actinide, 241 Am, and lanthanide, 147 Pm and 171 Tm, isotopes of interest. Separation
methods for americium and curium will be explored in an effort to establish an efficient separation method for cross section and isomeric ratio measurement of
to

241g

241m

Am

Am. Extraction chromatography resins in pure acidic matrices and metal ni-

trate systems will be investigated for separation of these trivalent actinides without
the need for oxidation of americium to its higher oxidation states of +5 or +6. For
1

147

Pm and 171 Tm, separation methods from their lighter neighboring lanthanides will

be examined. Detailed studies using cation exchange chromatography with various
eluents will be evaluated for preparative scale separation of neighboring lanthanides
for the fabrication of cross section measurement targets.

Dissertation Overview
Chapter 1 provides a general overview of the dissertation which includes the motivation and projects goals for this work. Chapter 2 gives background information
on the main separation methods used in this work and provides information on experimental facilities related to neutron irradiation and neutron capture cross section
measurements. Chapter 3 presents a detailed literature review of americium/curium
and thulium/erbium separations. Chapter 4 covers the analytical and spectroscopic
techniques utilized in this work. Chapter 5, 6 and 7 provide experimental details
followed by the presentation of results, discussions and future work for three different
experiments related to separation of americium/curium (Chapter 5 and 6) and erbium/thulium (Chapter 7). The conclusions are covered in Chapter 8. The raw data
of the results as presented in figures can be found in the Appendix.

Motivation for Research
Radiochemical Diagnostics
To maintain the current stockpile of nuclear weapons without performing underground or above ground tests, their performance must be properly assessed. Current
simulation systems are designed to ensure the safety, reliability and credibility of current stockpile of weapons [5]. Thus, detailed and accurate information regarding neutron capture properties of isotopes present in weapons grade plutonium is necessary

2

for the interpretation of radiochemical diagnostics of nuclear weapons performance.
During previous nuclear weapons tests, almost all nuclear weapons contained a
mixture of elements as radiochemical detectors to serve as diagnostic tools for understanding device yield and performance [6]. In these nuclear tests, the neutron fluence
was so high that multiple step neutron capture reactions were unavoidable, resulting
in a large number of activation products. Following a test, samples from the weapons
were collected and elements of interest isolated. Since these radiochemical detectors
were placed in known locations within a nuclear device, a detailed understanding of
weapon performance was possible. The measurements of these radiochemical detector
elements were performed very rapidly and accurately using the best tools available at
that time. However, large uncertainties in the neutron capture cross section values
provided limited insight on nuclear weapon physics. It is possible to return to the
data from the nuclear archives and look at them with modern analytical techniques
using the latest capture cross section values. Complete understanding of the entire
neutron fluence energy spectrum is necessary, especially for neutron capture on the
unstable species.
The list of isotopes for which cross section measurements are still needed includes
many rare isotopes of actinides and lanthanides [7]. This work will contribute to the
efforts for neutron capture cross section measurements of (n,γ) reactions on
171

147

Pm,

Tm and 241 Am. Capture cross section measurements of lanthanides are not only of

interest to the stockpile stewardship sciences but they are also vital for understanding
stellar nucleosynthesis.
Astrophysics
In order to better understand the importance of lanthanide cross section measurements for astrophysics, it is necessary to note that the existence of elements and their
distribution in cosmos are consequence of nuclear processes that have occurred and

3

those that are currently in progress. Hydrogen and helium are the most abundant
elements due to their formation during the Big Bang [8]. Those elements with masses
heavier than helium are all produced in stars under normal burning conditions or
if they occur, in supernovae. The abundance of elements can be attributed to the
probability of the nuclear reactions occurring given the conditions of a specific star.
The formation of almost every element can be explained through 7 different synthesis
processes: hydrogen burning, helium burning, α process, e process, s process, r process and p process [9]. These processes can be separated into two groups depending
on whether or not the nuclear reaction involves charged particles or neutrons. From
hydrogen burning to the end of the e process, nuclear reactions are dominated by
charged particles. The e process terminates with the synthesis of iron, more specifically 56 Fe. From Fig. 1 it is clear that iron, 56 Fe, is the last nuclide where formation in
the fusion process results in energy released from binding of nucleons. High temperature and high pressure environments in stars allow for charged particles to undergo
fusion reactions, known as thermonuclear reactions. With the increase of iron content (56 Fe) in a burning star, reduction in total energy released from fusion reactions
result in lower energy within that star. Also considering the fact that at higher Z
the coulombic potential between charged particles is extremely high, sufficient energy
is not present to overcome the coulombic potential of charged particles in order for
fusion to occur. Hence, most nuclides present in stars with atomic mass greater than
56

Fe are synthesized through processes governed by neutron-based nuclear reactions.
One of those processes is the s process. In short, this is a neutron capture based

process, (n,γ), where the time it takes for the neutron capture to occur is long (ranging
from 100 years to 105 years) compared to the half-life of the isotopes (that undergoes
β − decay). This is commonly found in Red Giant Stars where the neutron fluence
from

13

C(α,n)16 O and

22

Ne(α,n)25 Mg reactions is sufficient for neutron capture to

occur [10]. This process is responsible for the production of the majority of isotopes
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Figure 1. Binding energy per nucleon as a function of mass number.

with masses ranging from 23≤A≤46 (other then those produced in the α process) and
heavier rich isotopes that are further away from the valley of stability. Eventually
this process approaches a point where the β − decay for short-lived isotopes and the
process of neutron capture become competitive processes, with times ranging from 1
to 100 years. Those points, branching points, are critical in understanding the isotopic
abundance of elements in the universe and the neutron density in stars. Thus, neutron
capture cross section measurements on unstable isotopes at the branching point are
“the most important missing experimental link to further improve our picture of the
evolution of Giant stars and, hence, the history of the elements of which we and our
5

world are made” [10]. The values of these neutron capture cross sections are most
important in the stellar-neutron energy spectrum, around 25–30 keV [9].
Actinides of Interest
Plutonium based nuclear devices are composed of highly enriched 239 Pu that contain small amounts of

241

Pu. The amount of

production method of the

239

241

Pu present may vary based on the

Pu material. The initial isotopic composition of

241

Pu

by weight in weapons grade plutonium has been reported to be in the range of 0.540.65 % [11],[12]. Due to the decay of

241

Pu, as shown in Fig. 2, buildup of

241

Am in

weapons grade plutonium is unavoidable.
Since

241

Am is present in plutonium based weapons and will build up over time,

an accurate measurement of neutron capture cross section for this isotope and the
consequential population ratio of

242m

Am/242g Am are relevant to the Department of

Energy’s Stockpile Stewardship Program. Early measurements of the absolute cross
section of

241

Am [13] have shown disagreement with theoretical calculations. Addi-

tionally, the same work includes an isomeric ratio measurement for
with very high uncertainties. Other measurements of

241

242m

Am/242g Am

Am neutron capture cross

sections [2],[14],[15] were only able to determine absolute cross sections due to limited γ-ray energy resolution for measurement of
it is clearly evident that the production of

242

242m

Am/242g Am ratio. From Fig. 3,

Cm as a function of time is heavily

dependent on the population of the ground state and the metastable state of
as produced from neutron capture of

241

242

Am

Am. This work will support a project aimed

to not only determine the absolute cross section of 241 Am with sufficient accuracy but
also the isomeric ratio of
calculations of the

242

242m

Am/242g Am. This will allow for further analysis and

Cm/241 Am ratio as a function of time.

To better understand the production of
look at the

242

242

Cm produced from the decay of

6

Amm+g isomers, it is convenient to
242g

Am, Fig. 3. After irradiation of

241

Pu
t1/2 =14.35 yrs

99.9975% β − decay

0.0025% α decay

237

241

U
t1/2 =6.75 days

Am
t1/2 =432.2 yrs

β − decay

α decay

237

Np
t1/2 =2.144x106 yrs

α decay to
Figure 2. Decay scheme of

an

241

Am target, the amount of

242g

Pa

Pu [12].

Am produced will decay to

with a half–life of only 16.02 hours, whereas any
242g

241

233

242m

242

Cm via β − decay

Am produced will first decay to

Am through an isomeric transition with a much longer half-life of 141 years. Thus,

determining the amount of

242

Cm present in an irradiated material a few days after

the irradiation will give information regarding the amount of

242g

Am produced. The

sample will then be reanalyzed after several months. The amount of

242

Cm formed

in the sample as a function of time will provide information about the production
of

242m

Am. Therefore, it is of great importance to efficiently separate curium from
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242m

(n,γ)

Am, t1/2 =141 yrs

IT, 48.6 keV

n
241

Am
242g

Am, t1/2 =16.02 hrs

β − decay

242

Figure 3. Formation of

242

Cm, t1/2 =162.8 d

Am isomers from neutron capture on

irradiated americium target to allow for the precise determination of

241

242

Am.

Cm content.

Lanthanides of Interest
The isotope 147 Pm is one of the branching points in the Nd-Pm-Sm region, Fig. 4.
Previous measurements [16] of the neutron capture cross section values for

147

Pm in

the stellar–neutron energy region have extremely high uncertainties. More accurate
measurements are required for

147

Pm. Other important isotopes that are branching

points in the Nd-Pm-Sm region such as

147

Nd and

148

Pm pose significant difficulties

in performing neutron capture cross section measurements due to their short half
lives, 10.98 days and 5.37 days, respectively. However,

147

Pm with half-life of 2.62

years allows for (n,γ) cross section measurement using the Detector for Advanced
8
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Figure 4. S process for the Nd-Pm-Sm region [18].

Neutron Capture Experiments at the Los Alamos Neutron Science Center at Los
Alamos National Laboratory [17].
Similar to 147 Pm,

171

Tm with half-life of 1.92 years is one of the unstable isotopes

of interest due to the role it plays as one of the branching points for the Er-Tm-Yb
region. As indicated by Rundberg et al. [19], 147 Pm and 171 Tm are two of several rare
isotopes of interest for astrophysics because “of critical importance for understanding
the dynamics of the s-process are the reactions on the branching point nuclei”. Since
these isotopes are not present in nature, they need to be artificially prepared by neutron irradiation of the neighboring lighter stable isotopes.
the neutron reaction of
be obtained from

146

170

171

Tm is produced through

Er(n,γ)171 Er(β − ,t1/2 =8 hrs)171 Tm. Similarly,

147

Pm can

Nd(n,γ)147 Nd(β − ,t1/2 =11 days)147 Pm. The production rates of

these lanthanide isotopes after ∼50 days of irradiation and assuming neutron flux of
∼2×1015 n cm−2 s−1 are shown in Table 1 [20]. In order to obtain a few milligrams
of

171

Tm or

147

Pm to prepare targets for neutron capture measurements, it will be
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Table 1. Production rates of

147

Pm and

171

Tm from

146

Nd and

170

Er, respectively.

Sample

Mass σ
(mg) (barns)

t1/2
Product Activity Atoms Mass Sample/Product
(yrs)
(Ci)
(1019 ) (mg) Mass Ratio

Nd-146
Er-170

430
250

2.62
1.92

1.4
6

Pm-147
Tm-171

3.53
10.28

1.56
3.33

3.79
9.39

114
26.7

necessary for small quantities of thulium and promethium to be separated from large
target amounts of erbium (27 Er : 1 Tm mass ratio) and neodymium (114 Nd : 1
Pm mass ratio), respectively.

Project Goals
Separation of Americium and Curium
To facilitate the

241

Am neutron capture cross section and isomeric ratio measure-

ment, an efficient separation of curium from americium is necessary. More specifically,
the goal of this work is to develop a method for the separation of trace amounts of
curium from excess material of americium with separation factor of at least 106 .
Separation of Thulium and Erbium
To assist with the neutron capture cross section measurement of 147 Pm and 171 Tm,
lanthanide targets with more than 99 % isotopic purity are needed. The objectives are
to establish highly efficient separation methods for the separation of small quantities
of trivalent lanthanides from target material of neighboring trivalent lanthanides:
thulium from erbium and promethium from neodymium. Preliminary work will focus
mostly on thulium and erbium separation due to the availability of these materials
and the ease of working conditions in comparison to radioactive promethium.
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CHAPTER 2
BACKGROUND
This chapter provides background information on the primary methods utilized
in this work: solvent extraction, extraction chromatography and ion chromatography. The last section gives a brief overview of the facility used for irradiation of the
americium sample and the detection system to be employed for neutron capture cross
section measurements of the lanthanide isotopes.

Solvent Extraction
Solvent extraction (SX), also known as liquid-liquid distribution or extraction, is
based on the principle that a given solute exhibits different distribution properties
in two immiscible solvents, Fig. 5. In most cases, aqueous and organic solvents
are used where each solvent has a different solubility property for a given solute.
Separation is achieved when a solute is selectively dispersed into one of the two
phases [21]. Commonly, a solute is present in the aqueous phase together with variety
of impurities. The addition of the organic phase (usually non-polar organic liquids)
leads to a distribution of the solute in both phases.
The distribution in a SX system is represented by the distribution ratio, D. This
ratio represents the solubility of a solute in one solvent relative to another at the
state of equilibrium, when the net change in a solute concentration between phases
remains constant over time. It can be expressed in the following manner:

D=

[Aorg ]
[Aaq ]

(2.1)

where [Aorg ] and [Aaq ] are the concentrations of a solute in the organic and aqueous
phase, respectively. Because both of these concentrations are in the same units, D is
11

Organic
Phase [Aorg ]

Aqueous
Phase [Aaq ]

Figure 5. Schematic representation of SX where a solute is distributed between two
immiscible solvents in a test tube: organic on the top and aqueous on the bottom.

unitless. Since solubility properties are highly temperature dependent, temperature
affects must be considered.
The distribution of a solute between two immiscible solvents takes place at the
phase boundary. Thus, by increasing the area of the phase boundary, it is possible to
decrease the time it takes for equilibrium to be established. This is done by having
the aqueous phase and the organic phase mixed vigorously in the same container.
In order to achieve sufficient extraction of a solute, the distribution ratio must be
relatively high. To enhance the distribution ratio between two phases, an extractant
molecule is commonly added to the organic phase to selectively extract a solute from
the aqueous phase. Similarly, the distribution ratio can be decreased by introducing
a molecule which forms a strong complex with a given solute in the aqueous phase,
preventing extraction into the organic. These molecules can be chemically modified
12

to assure selectivity toward one solute over another. Therefore, SX makes it possible
to study the chemical reaction path of a given solute. This can be done with relative
ease when radiotracers are used. For a system with distribution ratio close to unity,
a multi-stage extraction method is necessary where the extraction phase is removed
and replaced with fresh solvent. Large industrial scale SX systems usually employ an
extraction method where two phases are continually caused to flow counter to each
other [22].
The extraction process is also highly dependent on the organic solvent. Since a
solute is initially present in the aqueous phase, selection of an organic solvent that has
high solubility for a solute ultimately determines the efficiency of an extraction. The
polar/non-polar properties of a solute need to be considered when selecting solvents
since polar solvents are used for extraction of polar substances from non-polar media
and vice versa.
Separation of two solutes, elements, can be achieved in SX by selectively extracting
one element over the other. This is possible by having significantly different distribution ratios for each element in a given extraction system. It is important to note
that separation can be performed in two different ways: either element(s) of interest
is(are) extracted into the organic phase or the interfering element(s) is(are) extracted
into the organic phase leaving the element(s) of interest in the aqueous phase. The
separation of two elements can be expressed in terms of a separation factor:

SF =

DA
DB

(2.2)

where DA and DB are the distribution ratios for element A and B in a given system
[23]. As an example, a separation factor of 100 (DA =100 and DB =1) represents 99 %
efficient separation which translates to 99 % of element A is separated from element
B. More details on SX and related topics are covered by Rydberg et al. [21].
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Extraction Chromatography
Extraction chromatography (EXC) can be described as a form of SX column chromatography where the organic phase is often the stationary phase and the aqueous
phase serves as the mobile phase [24]. An extractant commonly used in the organic
phase of SX experiments can be coated on resin beads by first dissolving it in a volatile
solvent and then mixing it with resin beads such as hydrophobic diatomaceous earth
or insoluble aliphatic polymers. Once the solvent evaporates, resin beads coated with
specific extractants can be obtained. These resins can be packed in columns to be
used for experiments similar to other chromatographic techniques, Fig. 6. Thus, EXC
is a favorable separation technique due to the fact that it combines the selectivity of
SX with the performance of column chromatography. Additionally, one of the major
advantages of EXC in comparison to SX is the absence of an organic phase. This
completely eliminates the production of mixed waste which is a major concern when
dealing with SX systems. Detailed explanation of similarities and differences between
EXC and SX are presented by Horwitz et al. [25].
The efficiency of a chromatographic column can be expressed by the height equivalent to a theoretical plate, HETP, that can be calculated from:

HETP =

L × W2
8 × V2max

(2.3)

where L is the length of the column bed, W is the width of the peak at 1/e times the
maximum solute concentration and Vmax is the volume of eluent to peak maximum
[26]. Additionally, HETP can be easily converted to number of theoretical plates,
N, by dividing the length of the column, L, by HETP. The theoretical plate is a
“theoretical” concept that represents a zone where equilibrium is established between
a stationary and mobile phase with respect to solute distribution. Therefore, in terms
14

flow direction
of mobile phase

LEGEND:
Extractant
coated on resin
Resin beads

Figure 6. Vertical cross section view of an EXC column with coated resin as the
stationary phase versus the aqueous mobile phase.

of SX systems, each theoretical plate represents one stage of a multi-stage extraction
process.
Detailed studies by Horwitz and Bloomquist [26] have shown that various parameters such as particle size of the support material, loading of the extractant,
temperature, column cross section area, bed length and rate of elution can all affect
the HETP. Results demonstrated that wet resin packed as slurry in columns, small
resin particle size, lower extractant loading and slower flow of mobile phase at elevated
temperatures lead to reduction in HETP. Changes in HETP will result in variations
of the elution fraction for a given solute such as a lower HETP will lead to higher
retention time and a larger elution volume. Since HETP can be altered by various
15

parameters, N will also change even though no changes are made to the actual column
length. Therefore, extraction efficiency is ultimately determined by HETP and/or N.
The extraction of a solute by a theoretical plate in the stationary phase prevents
a solute from eluting of the column. Given a distribution ratio for a solute, Eq. 2.1,
it will eventually travel down the column interacting with each plate until it finally
elutes off. The volume required for a solute to elute of a column is referred to as the
elution volume. HETP and N can directly affect the elution volume given their role
in the EXC process.
As with SX, separation of two solutes can be accomplished by having different
distribution ratios for a given system. Consequently, this translates to having different
elution volumes the system. A more useful parameter utilized in EXC instead of
elution volume is the number of free column volumes to peak maximum, k’, which
can be calculated using the following expression:

k’ =

Vmax − vm
vm

(2.4)

where Vmax is the elution volume to peak maximum and vm is the void volume of
a column [26]. The value of k’ is more useful than Vmax since k’ is independent of
column parameters such as packed column bed density, length, width, etc. The void
volume is the empty space in a column that is not occupied by the stationary phase,
it corresponds to the volume of the mobile phase in a given resin bed volume.
Additionally, the separation factor for two solutes (A and B) can be determined
by:
SF =

k’A
k’B

(2.5)

where k’A and k’B are the k’ values for solute A and B, respectively. This method
of calculating separation factor is similar to one used for SX, Eq. 2.2. Although,
k’ values provide vital information on the extraction behavior in a chromatography
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system, they do not give any information regarding the width of the elution bands.
The separation resolution or resolution function parameter takes into account both the
elution volume as well as the band width of the elution peaks. Separation resolution
is defined slightly different for EXC in comparison to other common chromatography
methods such as ion chromatography or liquid chromatography (next section). It is
useful to relate fundamental EXC parameters to separation resolution:
1
SR =
4

!

1
1−
SF

"#

N1/2

$

k’2
1 + k’2

(2.6)

where SF is the separation factor of k’2 /k’1 and N is the number of theoretical plates.
It is important to note that any factor that influences HETP will also affect SR. The
value of SR, considered to be a dimensionless number, provides information on the
efficiency of a separation where a SR of 1.0 corresponds to a cross contamination of
about 2 % [27].
Characterization of EXC resins for the parameters mentioned above, especially
k’, are fundamental studies performed in batch experiments with free resin rather
then in packed columns. Radiotracers are commonly used in such studies since they
can provide an easy method for determining concentrations even at trace levels by
radioanalytical detection techniques. Similar to a SX process as shown in Fig. 5,
weight distribution ratio of a given solute can be measured in batch studies using the
following expression:

Dw =

Ar /mr
As /v

where

Ar = Ao − As

(2.7)

where Ao and As are the radioactivities associate with the solute in the aqueous
phase before and after equilibration with mr grams of resin and v is the volume of
the aqueous phase in milliliters. The k’ value can be calculated from Dw by first
converting the weight distribution ratio to volume distribution ratio, Dv , and then
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converting to k’:
D v = Dw ×
k’ = Dv ×

dextr
wload

(2.8)

vs
vm

(2.9)

where dextr is the density of the extractant on the resin, wload is the extractant loading
in grams of extractant per gram of resin and vs and vm are the volumes of stationary
and mobile phase, respectively. However, in practice, Dw can be directly converted
to k’ by:
k’ = Dw × Fc

(2.10)

where Fc represents a correction factor that accounts for dextr , wload , vs and vm [25].
All these parameters are constant for a given resin manufactured by the same company
and for the most part, independent of the user.
A detailed discussion of EXC methods and their applications in separation chemistry is provided by Braun and Ghersini [24].

Ion Chromatography
Ion chromatography (IC) also referred to as ion exchange chromatography applies
to any efficient separation based on ion exchange that uses automatic detection. The
fundamental principle behind ion exchange is the reversible interchange of ions between a mobile phase and an insoluble, permeable, inert material carrying exchangeable sites of opposite charge [28]. Such materials are classified as ion exchangers,
either cation exchanger or anion exchanger, depending on which type of ion they exchange. The ionic group for cation exchange is usually a sulfonic acid group, R-SO−
3
H+ , and for anion exchange, a quaternary ammonium group, R-CH2 N+ (CH3 )3 Cl− ,
Fig. 7. These ionic groups are covalently bound to the inert support and contain ions
of opposite charge, known as counter ions, that are displaced during ion exchange. An
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Polystyrene

SO-3 H+

Polystyrene

CH2 N+ (CH3) 3 Cl-

Figure 7. Commonly used ion exchangers with their corresponding counter ions.

important property of ion exchange resins is cross-linking (permeability) of the resins.
Cross-linking refers to the bonds that link polymer chains to one another which are
controlled during the polymerization process of synthesizing ion exchangers such as
those presented in Fig. 7. The degree of cross-linking in resins has direct influence
on various factors such as hydration of the resin, capacity and equilibrium rates. In
general, decrease in cross-linking leads to increase in permeability, moisture content,
and equilibrium rates but results in lower capacity with the ability to incorporate
large ions in exchange sites. The opposite holds true for increased cross-linking, thus,
it is important to choose an ion exchanger with appropriate cross-linking for a given
application. Similarly, particle size of an ion exchanger is a crucial parameter that
requires tuning to achieve optimum operating parameters. Particle size can affect the
equilibrium and flow rates: decrease in particle size leads to decrease in equilibrium
rates with respect to diffusion across a band and decrease in flow rate due to increase
in the resistance of downward flow. In some cases, gravity flow of solution through
a small particle size ion exchanger is not possible due to tight packing. In this case,
external force is required to push (pressure) or pull (vacuum) the solution through
[29]-[31].
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Table 2. Selectivity coefficient of various ions with respect to hydrogen ion on cation
exchange resins of different cross-linking (%) [32].
Ion

4%

8%

10%

16%

Ion

4%

8%

10%

16%

Li+
H+
Na+
NH+
4
K+
Rb+
Cs+
Ag+
Tl+
UO2+
2

0.76
1.00
1.20
1.44
1.72
1.86
2.02
3.58
5.08
1.79

0.79
1.00
1.56
2.01
2.28
2.49
2.56
6.70
9.76
1.93

0.77
1.00
1.61
2.15
2.54
2.69
2.77
8.15
12.6
2.00

0.68
1.00
1.62
2.27
3.06
3.14
3.17
15.6
19.4
2.27

Mg2+
Zn2+
Co2+
Cu2+
Cd2+
Ni2+
Ca2+
Sr2+
Pb2+
Ba2+

2.23
2.37
2.45
2.49
2.55
2.61
3.14
3.56
4.97
5.66

2.59
2.73
2.94
3.03
3.06
3.09
4.06
5.13
7.80
9.06

2.62
2.77
2.92
3.15
3.23
3.08
4.42
5.85
8.92
9.42

2.39
2.57
2.59
3.03
3.37
2.76
4.95
6.87
12.2
14.2

The basic process of separation with ion exchange is governed by the relative
strength of attraction between the ions in solution and the exchange sites on the
inert material, resin. Separation is performed by using a free column packed with
an ion exchange resin to which a sample containing a mixture of ions is introduced.
Subsequently, state of equilibrium is established with respect to the exchange of ions
in solution and ions on the resin. At this equilibrium, selectivity coefficients (defined
as the ratio of ions in solution and ions on the resin) can be determined for a given
ion exchanger. Examples of selectivity coefficients for various cations on sulfonated
polystyrene cation exchange resins are provided in Table 2. As the ions travel down
a column, they exchange with the counter ions and bind to the exchange sites with
varying strength, Fig. 8, according to their selectivity coefficients. Depending on the
magnitude of their selectivity coefficients, a mixture of ions will separate as it moves
down a column. Those ions that are less tightly bound (lower selectivity coefficient)
to the exchange sites will elute first followed by the ions that are more strongly bound
(higher selectivity coefficient).
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+ OH−
+ OH−

X−

+
+ OH−

OH−

+ OH−
+ OH−
+ OH−
+ OH−
+ OH−

Mobile
Phase

Figure 8. Concept of ion exchange (X− as the ion of interest).

In ion exchange, there are two fundamental methods of separation: based on affinity differences of ions or through the use of complexing eluents. Systems based solely
on affinity differences are only dependent on the selectivity coefficients to achieve
separation. Numerous factors can influence this parameters such as ionic strength,
temperature, etc. On the other hand, complexing eluents can be used to “selectively”
alter the selectivity coefficients based on complex formation occurring in the mobile
phase. For example, if A− is to be separated from B− using an anion exchanger, a
complexing agent such as L+ can be used to enhance the separation:
A− + L+ ←→ AL where K1 =
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[AL]
[A− ][L+ ]

B− + L+ ←→ BL where K2 =

[BL]
[B− ][L+ ]

and K1 > K2
where K1 and K2 are equilibrium constants for the complex formation of AL and BL,
respectively. This is more commonly used for ions that have similar selectivity coefficients without any complexant but exhibit a large difference in equilibrium constants
during complex formation [33].
One of the major advantages of ion exchange is the fact that the exchange of
ions is a stoichiometric and reversible process. This allows for unwanted ions to be
removed by introducing high concentration of ions with lower selectivity in order to
regenerate and reuse.
The introduction of conductivity detectors for chromatography systems made online detection of ions and production of a chromatogram possible [34]. This established the field of ion chromatography as defined earlier. Automated chromatography
systems commonly utilize two types of detectors: conductivity or photodiode. Conductivity detectors rely on the ability of the solution to conduct electricity across two
electrodes where the ability to conduct is directly proportional to the ionic content.
Photodiode detectors will be discussed in greater detail in Chapter 4.
Basic terms and definitions related to ion chromatography are summarized in Table 3. Although some terms/definitions are closely related to those from EXC, they
use parameters specific to ion chromatography. Additionally, certain definitions in
Table 3 can be redefined to represent concepts tailored towards specific applications.
More information on ion chromatography is presented by Fritz and Gjerde [33] and
Helfferich [28] with theory on chromatography covered by Cazes and Scott [35].
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Table 3. Chromatographic terms and definitions [33].
Term

Symbol

Definition

Retention time

t or tR

Dead time

to or tM

Adjusted retention time
Retention factor (or capacity factor)
Peak width
Peak width at 1/2 peak height
Peak resolution
Separation factor
Number of theoretical plates
Height equiv. of a theoretical plate

t"
k or k "
w
w1/2
Rs
α
N
H

Time to elute a peak to its
maximum concentration
Time to elute a non-sorbed
marker
t" = t − to
k = (t − to )/to
Peak width at its base, w = 4σ
w1/2 = 2.35σ
Rs = (t2 − t1 )/w = ∆t/4σ
α = k2 /k1 = t"2 /t"1
N = t2 /σ 2 = 16t2 /w2
H = L/N (L = col. length)

Experimental Facilities
Van de Graaf Accelerator
The irradiation of

241

Am was performed at the Van-de-Graaff accelerator located

at the Institute for Nuclear Physics at Forschungszentrum Karlsruhe (Germany).
The accelerator can produce neutron beams in the energy range of up to 1.5 MeV.
A proton intensity of 150 µA can be achieved that results in neutron intensities of
∼5×109 neutrons s−1 . However, the average current commonly used is 6 µA at 1
MHz [36].
For the experiments of interest in this work,

241

Am samples containing gold as

an internal neutron fluence monitor have been irradiated with 25 keV and 400 keV
neutrons through 7 Li(p,n) reaction using protons from the Van de Graaff accelerator.
Above 450 keV, neutrons produced from the same reaction are no longer monoenergetic since the excited state of 7 Be becomes populated [37],[38]. Additionally,
gold was used as a standard for neutron energy calibration because it is mono-isotopic,
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197

Au, and its neutron capture cross section and decay properties have been accurately

measured [39].
Detector for Advanced Neutron Capture Experiments
Once the lanthanide targets have been prepared, they will be shipped to Los
Alamos National Laboratory (LANL) to perform neutron capture cross section measurements with the Detector for Advanced Neutron Capture Experiments (DANCE).
DANCE is located on Flight Path 14 of the Los Alamos Neutron Science Center
(LANSCE), where neutrons are produced through a spallation reaction of protons
on a tungsten target. The protons are accelerated by the Proton Linear Accelerator
(PLA) and delivered into the Proton Storage Ring (PSR) which accumulates the proton beam from the PLA and extracts it in single high intensity bursts on a tungsten
spallation source. The 800 MeV protons for which the current can be varied using
the PSR produce ∼17 neutrons per proton for the LANSCE spallation source. The
neutron energies can be altered using various moderators from which energies are
determined via time-of-flight calculations relative to the proton pulse arrival [40],[41].
DANCE is a highly segmented 4π BaF2 detector array that allows for calorimetric detection of γ-rays following (n,γ) capture. DANCE is specifically designed for
neutron capture cross section measurements using small amounts of target material
with high efficiency since a 4π detection system provides complete detection of the
γ-rays. It also offers a clear understanding of the sum energy of γ-ray cascades which
ultimately provide information regarding the binding energy of the captured particle.
This techniques is useful because the γ-ray background can be clearly distinguished
from γ-rays emitted from capture by “demanding that the detected total energy of
the γ-rays to be equal to the Q-value of the desired capture reaction plus the kinetic
energy of the incident neutron” [42].
BaF2 detectors have been employed in other detection systems such as in Karl-
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sruhe, Germany and in the Oak Ridge Electron Linear Accelerator, Tennessee [43],[44].
A detailed discussion on the initial design work of DANCE 4π BaF2 detector array
is provided by Heil et al. [42]. Additionally, studies have been reported on the background identification/suppression [45] and on data acquisition system [46] for (n,γ)
measurements at DANCE . Neutron capture cross section measurements at DANCE
cover the energy range from few meV up to several hundred keV [2],[17],[47]-[49].
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CHAPTER 3
LITERATURE REVIEW
This chapter provides a historical background on americium and curium followed
by a literature review on the separation methods regarding these trivalent actinides
with and without oxidation of americium to its higher oxidation states. Similarly,
lanthanides history and a literature review on the separation of thulium and erbium
is presented.

Americium and Curium Separation
History
Element 95, Americium, was named after the Americas [50] and element 96,
Curium, after Pierre and Marie Currie [51]. Production of these elements was initially reported in the November 1945 issue of Science by Seaborg and Hamilton [52]
in a reply to a wire requesting information on the production of elements 95 and 96.
In six very short paragraphs, Seaborg and Hamilton summarized the production of
americium and curium by bombardment of 40 MeV helium ions on uranium-238 and
plutonium-239 targets:
238

U

(α,n) 241
β−
−−−→
Pu −→ 241 Am

239

Pu

(α,n) 242
−−−→
Cm

The production of these elements was done at the 60” cyclotron at the Radiation
Laboratory of the University of California at Berkeley and analysis of their chemical
and radioactive properties were performed at the Metallurgical Laboratory at the
University of Chicago.
In the mid 1940s, more detailed information regarding the production of several
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isotopes of americium (238, 239, 241, 242) and curium (240, 242) were provided in
classified reports to the Atomic Energy Commission [50],[53]. An unclassified paper
was also published that included details on the preparation of americium and curium
isotopes [54]. It outlined alternative routes for production of
239

Pu

241

Am and

242

Cm:

(n,γ)
(n,γ)
β−
−−−→ 240 Pu −−−→ 241 Pu −→ 241 Am

241

Am

(n,γ) 242
β−
−−−→
Am −→ 242 Cm

In addition, the authors mentioned the existence of two isomeric states for

242

Am.

Initial characterization of 242 Am isomeric states [55] identified the 16-hr isomer as the
metastable state and the longer lived isomer with half-life of 152 years as the ground
state. However, Asaro et al. [56] later showed that the 16-hr isomer was the ground
state and the longer half-life corresponded to the metastable state. The same study
also reported an internal conversion transition of 48.6 keV from a careful analysis of
the conversion electron spectrum. Currently, 20 isotopes of americium and 19 isotopes
of curium are known according to the National Nuclear Data Center [57].
Following the initial production of these elements, ideas about the chemical separation of americium or curium were based on the chemistry of the previous actinides.
It was believed that americium or curium could be oxidized to the +6 state as possible
with Pu(VI), PuO2+
2 . Attempts to make americium and curium with different nuclear
reactions were unsuccessful but Seaborg made a bold prediction that the assumptions
about the chemistry of these actinides needed to be changed and not the production
routes. Seaborg postulated a new chemical scheme, the actinide series, where starting from actinium the 5f shell electrons were to be populated. Although experiments
had showed similarities between thorium/hafnium and protactinium/tantalum, there
were distinct differences in the chemistry of uranium, neptunium and plutonium compared to tungsten, rhenium and osmium [58]. Against extreme skepticism, Seaborg
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predicted that increased stability of the +3 states for the 5f series would become very
stable around americium and curium, similar to the chemical behavior observed in
the lanthanides. He was adamant about the fact that curium should only exhibit
the +3 oxidation state in solution given its half filled f orbital, from [Rn]5f7 6d7s2 to
[Rn]5f7 [59]. The concept of the actinide series and the stability of +3 oxidation state
for transplutonium elements were established with the discovery of americium and
curium and confirmed over the next few decades by experimental data, as reviewed in
the next two subsections. The only exception to Seaborg’s prediction on the stability
of the trivalent states was reported for nobelium [60] that has a stable divalent state
due to its filled f orbital, from [Rn]5f14 7s2 to [Rn]5f14 .
Separation of americium and curium from other actinides and trivalent lanthanides
have been explored since their discovery. They both exhibit +3 oxidation state in
solution with ionic radii of 0.975 Å and 0.97 Å for Am(III) and Cm(III), respectively
[61]. The similarities in ionic size and common oxidation state pose difficulties in the
development of efficient separation methods for these trivalent actinides. However,
americium can be oxidized to its higher oxidation states of +4, +5 and +6 to utilize
other separation schemes based on differences in oxidation states. Therefore, all
separations concerned with these actinides can be grouped into two subcategories:
• Separation methods based on different oxidation states.
• Separation methods of trivalent species without any oxidation of americium.
Separation Methods Based on Different Oxidation States
Separation techniques focused on differences in oxidation states are extremely
common in large and small scale chemical processes [62]-[64]. The presence of different
oxidation states allows for an easier partitioning due to distinct variations in chemical
behavior. A variety of methods such as SX, chromatography and precipitation can
be utilized to preferentially separate one element from another solely based on their
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oxidation states.
Following the discovery of americium and its placement within the periodic table
as part of the new actinide series, analogies with europium were quickly introduced.
It was known at the time from absorption spectra and magnetic susceptibility data
that europium had a 4f6 electron configuration with one or more low lying excited
levels. In a paper published in 1951, the first study of the absorption spectrum of
Am(III) showed similarities to rare earth solutions [65]. The absorption spectrum was
obtained in perchloric acid solution and showed intense absorption around 500 nm.
A more in-depth study of the trivalent americium was performed two decades later
by Shiloh et al. [66]. A spectroscopic study of the pentavalent state of americium
was introduced by Werner and Perlman [67]. This work established the presence of
Am(V) with oxidation of Am(III) carbonate solution using sodium hypochlorite. At
the end of 1951, the hexavalent state of americium was reported by Asprey et al.
[68]. They studied the oxidation of Am(III) using three different routes, ammonium
peroxysulfate, argentic oxide and electrochemical oxidation, of which only the ammonium peroxysulfate system led to any measurable oxidation. It was noted that the
characteristic pink color of Am(III) changed to a yellow color and finally to reddishbrown. The identification of Am(VI) was done by precipitation of a sodium americyl
acetate that showed similar refractive index as uranyl and plutonyl sodium acetates.
The spectrum of Am(VI) was compared to that of Am(III) and Am(V) to show the
differences in absorption of the three oxidation states of americium in solution. Issues with stability of the higher oxidation states of americium, both (V) and (VI), in
acidic matrices were reported by Asprey et al. although not discussed in detail. Later
studies showed in greater detail the kinetics of the disproportionation of Am(V) to
Am(III) and Am(VI) followed by autoreduction of Am(VI) to Am(V) due to products of radiolysis [69]. Additionally, the autoreduction Am(V) to Am(III) in acidic
solution was demonstrated by Hall and Herniman [70]. The tetravalent americium
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oxidation state (IV) was reported in sodium carbonate-sodium bicarbonate medium
along with Am(III), Am(V) and Am (VI) [71]. However, a very limited number of
experiments have been reported in the literature for Am(IV) in solution, mostly due
to the unstable state of tetravalent americium.
Despite issues regarding the stability of higher oxidation states, a large number of
methods were developed for the separation of americium and curium with oxidized
americium. For the most part, Am(VI) was preferred over Am(IV) or Am(V). A
separation scheme was established by Burney [72] in the mid 1960s with precipitation
of K3 AmO2 (CO3 )2 from concentrated solution of K2 CO3 containing gram quantities
of americium and curium using ozone oxidation of americium. Another separation
method based on solubility properties of americium and curium was reported by
Holcomb [73] where Am(VI) was separated from Cm(III) by eluting of Am(VI) from
a column of calcium fluoride. Cm(III), Am(III) and other trivalent actinides and
lanthanides are not soluble in fluoride matrices which was the method used by Seaborg
for the initial identification of trivalent americium and curium [50],[53]. Both EXC [74]
and liquid-liqiud extraction [75] methods were also established for Am(V) or Am(VI)
separation from Cm(III) with the use of ammonium persulfate as an oxidizing agent.
Other oxidizers such as potassium persulfate [76],[77], sodium bismuthate [78]-[80],
electrochemical oxidation [81] and cesium fluoroxysulfate [82] were employed in the
separation of these trivalent actinides.
The methods mention above were not completely successful due to the partial reduction of oxidized americium to the trivalent state. Since the separation was solely
based on differences in oxidation states, any reduced Am(III) was recovered with
Cm(III). Therefore, several publications focused directly on the stability of Am(V)
and Am(VI) in solution. Early work by Coleman et al. [83] showed radiolytic reduction (at 4 %/hr) as well as reduction by water (more rapidly than for radiolytic
reduction) of Am(VI) to Am(V). Coupled with disproportionation of Am(V) [69], all
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of Am(V) and Am(VI) was eventually reduced to Am(III). Most of the work done by
Coleman et al. was in carbonate solution, but stability issues were also reported for
acidic systems [84, 85]. A very detailed study by Fardy and Buchanan [84] showed
the influence of various factors on the stability of Am(VI) state: nitric acid concentration, oxidizer concentration, extractant concentration, solvent and glassware
pretreatment, stability of oxidizing agent. Another study by Hara and Suzuki [85]
explored the stability of Am(V) and Am(VI) in nitric acid at sub-millimolar concentrations, eliminating radiolytic reduction pathways. It was reported that Am(V) and
Am(VI) were gradually reduced to Am(III) even in dilute nitric acid. A method for
stabilizing was suggest with the use of an oxidizing holder such as ozone gas. The
work also compared the stability of Am(V) and Am(VI) states using different americium isotopes,

241

Am and

243

Am, with

243

Am being reported as more stable in nitric

acid. It was also noted that Am(V) and Am(VI), independent of the isotope used,
reduced to Am(III) in phosphate solutions.
These studies demonstrated that Am(V) and Am(VI) act as powerful oxidants
and tend to reduce to Am(III) in the presence of acidic solutions and/or organic
extractants. This was problematic in the development of an efficient method for
the separation of trace amounts of curium from target material of americium. Even
minor amounts of americium separated with curium would result in an unsuccessful
separation. For the interest of this project, efforts were focused toward alternative
separation techniques that did not rely on differences in oxidation states.
Separation Methods of Trivalent Americium and Curium
Although trivalent americium and curium have similar ionic radii and oxidation
states in solution as mentioned previously, minor differences can be exploited for
intragroup separation of these actinides. The key features of the trivalent actinides
are defined by the slight decrease in their ionic radii with increasing atomic number,
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Table 4. Ionic radii of trivalent actinides (6-coordinate).
Actinide

Ionic Radii (Å)

Reference

Am
Cm
Bk
Cf
Es
Fm
Md
No
Lr

0.975
0.97
0.96, 0.955
0.95, 0.942
0.928
0.922
0.912
0.90, 0.894
0.893

[61]
[61]
[61][86]
[61][86]
[86]
[87]
[87]
[87][88]
[87]

Table 4. This trend, which is also observed in the lanthanides and will be discussed
later in this chapter, leads to the complete dominance of the trivalent state in solution
and strong interaction with hard-sphere base donor atoms (oxygen). The actinide
contraction across the group results in increased strength of cation-anion, ion-dipole
and ion-induced dipole interactions. Therefore, heavier trivalent actinides have a
stronger interaction with solvent molecules in comparison to the lighter ones. This
leads to predictable behavior of neighboring trivalent actinides which forms the basis
for the development of separation methods [89]. Covalent interactions in trivalent
actinides have been suggested but experiments show no indication of covalency for
actinide complexes [90].
Early separation of trivalent actinides were focused on chromatographic methods
with common eluents such as different derivatives of α-hydroxybutyric acids or nitrilotriacetic acid (NTA). Even in the first experiments with americium and curium,
Seaborg used α-hydroxyisobutyric acid (α-HIBA) to separate them from trivalent lanthanides with a cation exchange resin following trivalent actinide/lanthanide group
precipitation [50, 53]. Other α-hydroxybutyric acids such as α-hydroxy-α-methylbutyric
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acid (α-H-α-MBA) have been explored for trace level separation of trivalent actinides
by Vobecky [91]. He was able to separate americium, curium and californium with
one run through a cation exchange resin using 0.26 M ammonium α-hydroxy-αmethylbutyrate elution phase at pH 4.0. The separation factor reported by Vobecky
was 1.8, determined by taking the ratio of elution volumes at the peak maxima of the
eluted elements after free column volume correction. For gram scale separations, Hale
and Lowe [92] demonstrated the separation of 2.3 g of curium and 37 mg of americium
using cation exchange chromatography with 0.105 M NTA. The separated fraction
containing 65 % of the curium had only <465 ppm americium. A four part publication by Chuveleva et al. [93]-[96] examined various factors such as eluent composition
(NTA and diethylenetriaminepentaacetic acid), cation interference and holding ion on
the separation of americium and curium by displacement complexing chromatography.
Recent methods like countercurrent chromatography using malonamide extractants
have been developed for the successful separation of americium and curium [97]. In
the fraction containing 95 % of curium, only 0.6 % of americium was detected for a microgram scale separation. Another recent separation method used a tertiary pyridine
resin in a mixed nitric acid/methanol system [98],[99]. Almost complete separation,
separation factor of 2.52, of these trivalent actinides was achieved with this method.
Additionally, successful separations using organophosphorus extractants such as carbamoylmethylphosphine oxide (CMPO) [100] and bis(2-ethylhexyl)phosphoric acid
(HDEHP) [27] have been reported. A thorough literature review of trivalent actinide
separation was provided by Nash in 1993 [89].
In addition to these methods and those covered by Nash, a paper published by
Marcus et al. [101] investigated the extraction behavior of Pu, Am, Cm, Bk, Cf and
Es with tertiary amine from lithium nitrate system which established the basis for
more extensive studies carried out by Horwitz et al. over the next few years [102][105]. Horwitz et al. established separation methods for trivalent actinides from salted
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nitrate solutions with tertiary and quaternary amines. More specifically, americium
and curium were separated by extraction chromatography using a high molecular
weight quaternary ammonium nitrate (Aliquat-336, Fig. 9) absorbed on hydrophobic
diatomaceous earth with a maximum separation factor of 2.82. Interestingly enough,
the same exact method as developed by Horwitz et al. was later used by Borkowski and
Fuks [106] to separate trace amount of curium from irradiated sample of americium
with a very large reported separation factor of >105 .

+
R

R
Cl-

N
R

CH3

Figure 9. Aliquat-336 where -R is a mixture of -C8 H17 and -C10 H21 .

Recent advances in EXC methods for separations [107], preconditioning [108] and
sequential extraction [109] of actinides has led to a renewed effort in the characterization of EXC resins to expand the potential of the extractants. Such studies
were performed for many of the resins manufactured by Eichrom Technologies, Inc
[25],[110]-[117]. A review of the available data in the literature revealed limited or no
extraction data on curium due to the assumption that given a large enough elution
volume, Cm(III) behavior can be modeled after Am(III). Although this assumption
may be true in most cases, the literature review presented in this section clearly
indicates that Am(III) and Cm(III) can be separated from each other if their chem34

ical behavior is well understood for a given system. Therefore, there is a need to
characterize EXC resins for multiple trivalent actinides in order to have a complete
understanding of the resins and their separation capabilities.

Erbium and Thulium Separation
History
The first discovery of lanthanides was made by Swedish Army Lieutenant Carl
Alex Arrhenius in 1787 who found an unusual black rock near Ytterby not far from
Stockholm and called it, ytterite. It was later named gadolinite after a Finnish
chemist, Johan Gadolin, who was the first to separate the black mineral into a new
mineral and an unknown earth (oxide) in 1794. It was not until 1797 that a Swedish
chemist, Anders Gustaf Ekeberg, suggested that the mineral be named gadolinite and
the earth as yttria. Around the same time, although independently, a German investigator, Martin Heinrich Klaproth, and a Swedish chemist, Jöns Jacob Berzelius (with
his collaborator Wilhelm Hisinger), isolated ceria from an earth-like mineral, cerite.
Over the next century, partitioning of these two earth minerals, cerite and yttria,
led to the isolation of 14 elements, all the current lanthanides except promethium.
Table 5 and 6 summarize the discoveries associated with the simplification of ceria
and yttria.

The isolation of erbium and thulium was performed by Per Theodor

Cleve who was able to separate erbia into three constituents: erbia, holmia, thulia.
Erbium was name after Ytterby, Sweden and thulium after Thule, an old Greek word
for Scandinavia [118]-[120].
In the early 1900’s before the discovery of fission, attempts were made to isolate a
missing lanthanide element, promethium, from neodymium and samarium fractions.
These attempts were unsuccessful since it was later identified that no stable isotopes
of promethium exist (the longest lived isotope has a half-life of 17.7 years). The first
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Table 5. Discoveries of the rare-earths in yttria [118, 119].
Gadolinite (C. A. Arrhenius, 1787)
J. Gadolin
(1794)
Yttria
C. G. Mosander
(1843)

Yttrium (Y)

Old Erbia
M. Delafontaine
(1878)
New Terbia

J. -C. G. de Marignac
(1880)
Gadolinium (Gd)

Old Terbia
N. J. Berlin
(1860)
New Erbia

Delafontaine,
de Marignac
(1878)
Terbium (Tb)

de Marignac
(1878)

Erbia

Ytterbia

de Marignac
(1878)

L. F. Nilson
(1879)

Ytterbium (Yb) Scandium (Sc)

P.T. Cleve
(1879)

P.T. Cleve
(1879)

P.T. Cleve
(1879)
Holmium (Ho)

G. Urbain,
C. A. von
Weslbach,
C. James
(1907)
Lutetium (Lu)

Thulium (Tm)

Erbium (Er)

P.T. Cleve
(1879)

Holmia

de Boisbaudran
(1886)
Dysprosium (Dy)

identification of promethium was performed by Marinsky et al. [121] in 1947 from
fissioned uranium material.
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Table 6. Discoveries of the rare-earths in ceria [118].
Cerite (A. F. Cronstedt, 1751)
M. H. Klaproth,
J. J. Berzelius,
W. Hisinger
(1803)
Ceria

Berzelius
(1814)

C. G. Mosander
(1839-41)

Cerium (Ce)

Didymia

Lanthanum (La)

L. de Boisbaudran
(1879)
Samaria

de Boisbaudran
(1879)
Samarium (Sm)

de Boisbaudran
(1885)

Gadolinium (Gd)

E. A. Demarçay
(1896-1901)

C. A. von
Welsbach
(1885)

Europium (Eu)

Praseodymium (Pr)

Neodymium (Nd)

The lanthanide elements which were originally referred to as “rare earths” are
not rare at all. The most abundant of the lanthanides in the earth’s crust, cerium, is
comparable to nickel and copper in concentration while the rarest lanthanide, thulium,
is closer to silver and bismuth concentrations [122]. The primary reason for the
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“rare” reference was due to the rarity of the minerals that were used to extract the
lanthanides from. According to the most recent U.S. Geological Survey [123], global
production of rare-earths in the past two years was around 130,000 metric tons/year
of the oxide form with more than 100 million metric tons still in reserves. The uses
for these elements have expanded to variety of applications from industrial [124] to
biological [125], Table 7.

Table 7. Distribution of rare earths by end use in 2009 [123].
Percent
22
21
14
13
9
8

7
3
3

Uses
chemical catalysts
metallurgical applications and alloys
petroleum refining catalysts
automative catalytic converters
glass polishing and ceramics
rare-earth phosphors for computer monitors,
lighting, radar, televisions and x-ray intensifying film
permanent magnets
electronics
other

Intragroup Separation of Lanthanides: Erbium and Thulium
As in the chemistry of transplutonium actinides, lanthanide chemistry across the
series follows a periodic trend established by the decrease in ionic radii with increase
in atomic number and common oxidation state in solution. Due to the lanthanide
contraction that results from the poor screening of the 4f electrons with increasing
nuclear charge across the group, there is a decrease in atomic radii from the beginning
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of the lanthanide series until the end. Such a contraction of orbitals is not present
in the actinides since the contractions from 4f and 5f orbitals cancel each other out
as well as the fact that relativistic effects dominate orbital density distribution of
the actinides in comparison to lanthanides. Additionally, because the 4f electrons
are closer to the nucleus compared to those of 5d and 6s orbitals [126], they are
shielded from ligands and are not involved in bonding. This shielding effect plays
a significant role in the spectroscopy and magnetic properties of the lanthanides,
resulting in properties that are independent of the chemical environment [122]. Since
the 4f electrons do not play an important role in bonding, chemistry of the lanthanides
is dominated by the +3 oxidation state. However, several of the lanthanides do have
other oxidation states in solution such as +2 (Sm, Eu, Yb) and +4 (Ce) that result
from the stability associated with empty, half filled and completely filled 4f orbtial.
The “tetrad effect” as established by Peppard et al. [127] has also been used to
account for the chemical behavior of lanthanides as a group. Peppard et al. showed
through SX experiments that the chemical behavior of the lanthanides can be divided
into four groups, tetrads. Discontinuity of the periodicity in chemical behavior was
shown to occur at “one-quarter-filled” shell, “half-filled” shell and the “three-quarterfilled” shell of the 4f orbitals: for example, discontinuity at the “one-quarter-filled”
shell occurred between the third and the fourth 4f electrons. Since the establishment of the tetrad effect, modern values of the ionic radii tabulated by Shannon
[61], Fig. 10, have led to other explanations for the observed trends as reported by
Peppard et al.. It has been indicated that the tetrad effect appears to “arise from
tetradic variations in the radii of the lanthanides, which could in turn be explained
by nephelauxetic parameters or total angular momenta, or some other cause” [128].
However, tetrad effects should still be considered in the development of intragroup
separation of lanthanides.
As with the trivalent actinide chemistry described in the previous subsection,
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La

Ce

Pr

Nd

Pm

Sm

Eu

Gd

1.160

1.143

1.126

1.109

1.093

1.079

1.066

1.053

Tb

Dy

Ho

Er

Tm

Yb

Lu

1.040

1.027

1.015

1.004

0.994

0.985

0.977

Figure 10. Ionic radii (in Å) for 8-coordinate trivalent lanthanides, drawn to scale
relative to each other [61].

chemistry of lanthanides is dominated by cation-anion, ion-dipole and ion-induced
dipole interactions. Once again, the decrease in ionic radii with increase in atomic
number results in strong ionic interactions between lanthanides and hard-sphere donor
ligands (oxygen). In comparison to the actinides, lanthanides are considered to be
harder acids and thus form stronger complexes with oxygen donor ligands. This is
the basis for the group actinide/lanthanide separation utilized in the TALSPEAK
process [129].
Since the discovery of lanthanides, separation methods have been developed for
intragroup separation as well as group separation of lanthanides from other elements.
Due to the extensive amount of work available in the literature on lanthanide separations, a large number of reviews have been published [128],[130]-[132]. These reviews
cover a variety of methods used in separation development such as paper chromatography, thin-layer chromatography, displacement chromatography, ion-pair chromatography, ion chromatography, cation exchange, EXC, gas chromatography, thermochromatography, supercritical fluid chromatography and capillary electrophoresis. Due to
the labile nature of the lanthanide complexes, chromatographic methods have become
the method of choice for analytical and preparative scale separation of lanthanides.
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Modern analysis of lanthanides focus mainly on two methods: ion exchange and liquid
chromatography. Although a variety of factors such as temperature, flow rate, pH,
column width, column length, capacity, etc. can influence lanthanide separations by
chromatography techniques, the feature that has the largest effect is the separating
agent. As Nash concluded in his review [128], “the most efficient separating reagent
for lanthanide analysis is a complexant identified for the purpose 40+ years ago, hiba
(α-hydroxyisobutyric acid).”
The first reported separation of trivalent actinides or lanthanides with cation
exchange resin was reported by Seaborg [53] for the selective elution of curium from
trivalent lanthanides, where he used citrate as the complexing agent. Later study by
Mayer and Freiling [133] investigated the separation of Sm-Eu and Eu-Tb pairs with
different complexing agents (citrate, ethylenediaminetetraacetate (EDTA), lactate,
glycolate, malate). It was not until 1956 that the first detailed separation study of
lanthanides by cation exchange resin with ammonium α-hydroxyisobutyrate (HIB)
was carried out by Choppin and Silva [134]. Separation factors relative to Gd were
reported for the entire lanthanide series, from La to Lu. Due to the nature of ionic
interactions between lanthanide ions and oxygen donor ligands such as HIB, heavier
lanthanides form stronger complexes with HIB that result in the elution order of
lanthanides from heavy to light. That paper formed the foundation for a large number
of experiments [135]-[152] performed over the next 50+ years utilizing HIB as the
complexing agent with the primary source of complexant being α-hydroxyisobutyric
acid (α-HIBA), Fig. 11.
The first attempt to adopt the High Performance Liquid Chromatography (HPLC)
technique for lanthanide separation using α-HIBA was done by Sisson et al. [136].
This study employed a linear gradient on the elution profile in order to separate
all the lanthanides within 5 hours. It also established the importance of gradient selection over other parameters such as flow-rate, particle size and tempera-
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O
OH
OH
Figure 11. Molecular structure of α-hydroxyisobutyric acid.

ture. However, better results for neighboring lanthanide separation, Yb/Lu, were
achieved without any gradient. Further studies on the importance of gradient selection was performed by Campbell [137]. A study [138] in the early 1970’s explored
various α-hydroxycarboxylic acids as eluting agents. Increase in neighboring lanthanide separations was reported for the lighter lanthanides, Nd/Pm, with α-hydroxyα-methylbutyric acid (α-H-α-MBA) as the elution matrix. Since then similar studies
have been reported [153],[154].
In these early works, detection of the lanthanides following separation was problematic. Pre-1970s experiments were mostly performed with lanthanide radiotracers
in order to utilize radioanalytical methods of detection. For his Ph.D. work, John
P. Sickafoose [155] established the use of a colorimetric indicator for the detection of
transition metals with 2,7-bis(2-arsonophenylazo)chromotropic acid (Arsenazo III) in
1971. This method was quickly applied to lanthanide detection in chromatographic
systems with different colorimetric reagents such as alizarine sodium monosulfonate
(Alizarine Red S), 3-(2-arsonophenylazo)-4,5-dihydroxy-2,7-naphalene-disulfonic acid
trisodium salt (Arsenazo I) and 4-(2-pyridylazo)-resorcinol monosodium salt (PAR)
[139]. These post-column reagents were selected due to their fast kinetics and very

42

high formation constants with the lanthanides in comparison to the complexant used
for separation, HIB. They served as a colorimetric indicators where strongly colored
complexes with lanthanides were formed in aqueous solutions [128],[156].
With the introduction of post-column systems and improvements in chromatographic instrumentation over the past several decades, group lanthanide separation
methods for analytical purposes have been established [140]-[144],[146],[150]-[152].
However, a very limited number of publications [145],[147]-[149] have dealt the with
optimization of separation methods for neighboring lanthanides only, especially at
preparative scale. Shuheng et al. [145] established a separation method for the entire
lanthanide series at concentrations of 1-2 mg per element with cation exchange chromatography and α-HIBA elution gradient. A detailed study of loading technique,
gradient, flow rate and temperature on separation parameters such as effective plate
height, volume distribution coefficient and resolution was conducted. The authors
reported that all the lanthanides could be completely separated with recoveries of
more than 90 % and purity higher than 99 % in only 90 minutes. Based mostly
on this method, Miller et al. [147] successfully separated 3 mg of
mg of

170

171

Tm from 500

Er using Dowex 50x8 cation exchange resin with linear gradient of α-HIBA

(0.07-0.40 M) at pH=5.65 in 60 minutes at elevated temperature of 80 ◦ C. Due to the
limited capacity of the column, 10 sets of separations were performed with ∼50 mg
of erbium per run. For a complete purification, separated fractions of thulium were
passed through the column three times. The final fraction of 171 Tm contained only 0.4
% erbium by mass. Miller et al. were able to prepare a 171 Tm target by electrodeposition on titanium for neutron capture cross section measurement, however, data from
the measurement was not adequate for cross section calculations due to limitations
with the detection system [157]. Similar studies several years later by Schwantes et
al. [148],[149] explored α-HIBA and pH dependency on thulium/erbium separation
and optimized conditions for separation. The final separation was reported with 95
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% purity of

171

Tm which was significantly lower than reported by Miller et al. [147]

or Shuheng et al. [145]. Surprisingly, the work performed by Schwantes et al. did not
include any reference to the studies of Miller et al. or Shuheng et al. since those were
the only previously published papers focused on the preparative scale separation of
thulium from erbium.
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CHAPTER 4
ANALYTICAL
Various analytical techniques have been utilized in the investigation of americium
and curium separation. These include solvent extraction (SX) and extraction chromatography (EXC) coupled with liquid scintillation counting (LSC) and x-ray absorption fine structure spectroscopy (EXAFS). Similarly, other analytical techniques were
employed for study of thulium and erbium separation: ion chromatography (IC), UVVisible (UV-Vis) and Infrared (IR) spectroscopy, inductively coupled plasma - atomic
emission spectroscopy (ICP-AES) and potentiometric analysis. Information regarding each technique is presented in this chapter which includes, whenever necessary:
theory of operation, system specification, general procedure for sample preparation
and measurement and final data analysis.

Solvent Extraction
SX can be used to understand the extraction mechanism of a given solute in
different conditions. These conditions can be varied to fit experimental parameters
of interest. For this work, SX was used as a method to confirm results obtained from
EXC studies.
Theory of Operation
Theory of SX is presented in greater detail in Chapter 2.
Sample Preparation and Measurement
Method for SX experiments was adopted from studies presented by Horwitz et
al. [102]. Equal volume of an aqueous solution spiked with a radiotracer and an
organic solvent containing an extractant of interest were brought together in a VWR
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Figure 12. VWR Signature Digital Vortex Mixer (left) and Hermle Labnet Z323
Centrifuge (right).

SuperClear Ultra-High Performance Centrifuge tube. These are polypropylene tubes
with flat screw caps and smooth inner walls for easy filling and sample preparation.
The tube was vigorously mixed with a VWR Signature Digital Vortex Mixer equipped
with a foam insert, designed to hold sample containers of any size, Fig. 12. After
mixing for sufficient amount of time to achieve equilibrium, the sample was centrifuged
with Hermle Labnet Z323 Centrifuge, Fig. 12, to obtain a good phase separation.
An aliquot of each phase was analyzed with LSC, procedure outlined later in this
chapter, to determine the tracer concentration in each phase. All procedures were
carried out at room temperature, 22-24 ◦ C.
Data Analysis
Data analysis for SX studies were very simple and straightforward. Once the concentrations for a given tracer in both phases were determined, Eq. 2.1 was used to
obtain the distribution ratio. Provided with the distribution ratios for two different
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elements, ex. americium and curium, Eq. 2.2 was applied to calculate the separation
factor between them.

Extraction Chromatography
EXC provides the selectivity of SX, associated with the use of organic extractants,
coupled the multi-stage feature of a chromatographic process. This technique is the
primary method used in the study of americium and curium separation by exploring
their extraction behavior with different extractants coated on inert solid material.
General procedures for sample preparation and measurement in batch and column
studies are presented in this section followed by data analysis associated with both
types of EXC experiments.
Theory of Operation
As with SX, EXC theory is provided in Chapter 2.
Sample Preparation and Measurement - Batch Studies
The experimental method for batch studies was modeled after large number of
procedures published in literature [25],[110],[111],[113],[116],[117],[158]. Batch studies required free EXC resin and followed similar procedure as outlined for SX studies
except an organic solvent was replaced by the resin. A known amount of resin was
preconditioned with a specific acid solution in a polypropylene centrifuge tube by
shaking with the Labquake Rotisserie shaker, Fig. 13. A radiotracer of interest in a
known solution matrix was added to the test tube and equilibrated with the preconditioned resin by shaking. The sample was filtered into a new centrifuge tube using a
0.45 µm Whatman PTFE filter attached to a polypropylene luer lock syringe, Fig. 13.
An aliquot of the filtered solution was analyzed with LSC to determined the tracer
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Figure 13. Labquake Rotisserie shaker (left) and polypropylene syringe attached with
a 0.45 µm Whatman PTFE filter (right).

concentration in the aqueous phase after equilibration. Similarly, the radiotracer
standard was characterized with the LSC which provided the tracer concentration in
the aqueous phase before equilibration. All batch studies were performed at room
temperature, 22-24 ◦ C.
Data Analysis - Batch Studies
The tracer concentrations before, Ao , and after, As , equilibration with free resin
were used to determine the weight distribution ratio, Dw , as outlined in Eq. 2.7.
The number of free column volumes to peak maximum, k’, was calculating from Dw
according to Eq. 2.10. Lastly, the separation factor for a given pair of tracers was
determined by Eq. 2.5.
Sample Preparation and Measurement - Column Studies
Procedures for column studies were adopted from similar experiments reported in
literature [26],[103]-[105],[110],[111],[158],[159]. Glass columns with internal diameter
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of 4 mm and column height of 150 mm purchased from Kimble Chase LLC were
used for all column studies. First, a known amount of EXC resin was preconditioned
with an acidic solution of the same concentration as the elution phase to be used.
The column tip was plugged with a small piece of glass wool to hold the resin in the
column while allowing solution to pass through. The preconditioned resin was loaded
into the column and the centrifuge tube used for preconditioning was rinsed few times
to ensure that all the resin was loaded. The resin was allowed to settle under gravity
and care was taken to prevent any air bubbles or cracks from forming in the resin
bed. In case any bubbles were present in the packed column, the resin was carefully
disturbed with a glass pasteur pipette tip to allow for bubbles to escape. Once the
resin settled completely, small amount of previously rinsed purified sand was added
on top to prevent any re-agitation of the resin when adding solution to the column,
Fig. 14.
The column was converted to the elution matrix of interest by rinsing with 1015 free column volumes (FCV) of the elution solution. Tracer solution was first
converted into the elution matrix and then added to the column. The total solution
of the tracer was minimized to reduce band spreading as a results of large sample
introduction volume. Sufficient number of elution fractions at a fixed volume were
collected to obtain a complete elution profile. The volume of each elution fraction
was measured by first marking the height of the loaded solution on the glass column
and then individually adding set amount of elution solution and collecting until top
of the solution reached the mark. Flow rate, time it took for an elution fraction of
a given volume to elute off under gravity flow, was measured with a stopwatch. All
column procedures were carried out at room temperature, 22-24 ◦ C. Each fraction
was analyzed with LSC to determined the tracer concentration.
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Purified Sand

EXC Resin

Glass Wool

Figure 14. Glass column packed with EXC resin for column studies.

Data Analysis - Column Studies
First, FCV was determined using the following expression:

FCV = VB − VR

where VB = 2πrh and VR = mr ρr

(4.1)

where r corresponds to the radius of the column, h is the height of the resin bed
and mr and ρr represent the mass of the resin in the column and the density of the
resin, respectively. Once the FCV for a given column was calculated, the volume
corresponding to the maximum tracer concentration was converted to k’ according
to the expression in Eq. 2.4. Similar to batch studies, given k’ values for any pair of
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tracers, Eq. 2.5 was used to calculate the separation factor.

Liquid Scintillation Counting
LSC is a common radioanalytical detection method for determining radionuclide
concentrations in samples. For the interest of this work, all samples from SX and
EXC studies were characterized for americium,

241

Am, or curium,

244

Cm, content

with this technique.
Theory of Operation
LSC is based on the detection of ionizing radiation by the scintillation light produced in certain materials. This can be achieved by first mixing a radionuclide with a
scintillator dissolved in an organic cocktail. Radiation interaction with the scintillator
produces isotropic photons of a given energy. In most cases, the scintillation cocktail
contains an aromatic hydrocarbon (containing π-systems) where upon interaction,
sufficient energy is transfered to this organic compound to promote an electron from
ground state to an excited state. Before the molecule de-excites, it undergoes numerous interactions with scintillation molecules which have energy transfer properties
that allow for transitions to excited states to occur.
Once excited, these scintillators de-excite and emitted photons at energies that
are not efficiently detected by photomultiplier tubes (PMTs). Thus, another organic
solvent is present in the scintillation cocktail, a waveshifter, which absorbs photons
produced by the scintillator molecules and re-emits at a wavelength that is more sensitive to PMTs. Additionally, the scintillation cocktail also contains various solvents
in order to form homogenous mixture when dealing with aqueous or other types of
chemical solutions.
The photons emitted from the vial containing scintillation solution ultimately
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reach PMTs surrounding the vial. In order to reduce any background events not
originating from the scintillator, a coincidence counting technique is employed. Finally, the total number of photons produced can be related back to the total energy
initially deposited in the system by a radiation interaction.
Some advantages of liquid organic scintillators are their resistance to radiation
damage in comparison to crystalline scintillators and counting efficiency of ∼100 %
which can be achieved fairly easily (especially for alpha-emitters) since all radiation
emitted passes through the scintillation cocktail.
The main disadvantages with LSC technique are quenching effects and poor resolution. Quenching effects which occur between the time radiation excites the solvent
molecule to when the photons reaches the PMTs can be divided into two categories:
chemical and optical. Chemical quench occurs when other molecules present within
the scintillation solution introduce alternative paths for de-excitation of the solvent
molecule where no light is emitted. Thus, it leads to decrease in number of photons
produced from the initial interaction. The second type of quenching, optical, occurs
when photons emitted from scintillation molecules are absorbed to some extent before
reaching the PMTs. This type of quenching is common when dealing with colored
solutions since a waveshifter will emit photons at wavelengths that fall within the ultraviolet region. With respect to energy resolution in LSC, 5-8 % at best, it becomes
difficult to differentiate alpha-emitting radionuclides with relatively close alpha energies (few hundred keV). As is the case with

241

Am (5.4857 MeV) and

244

Cm (5.8048

MeV) radionuclides used in this work which had to be analyzed separately. More
information on scintillation materials and detectors is provided by Knoll [160].
System Specification
A Perkin Elmer Tri-Carb 3110TR and a Packard Tri-Carb 2900TR liquid scintillation analyzers were used for all activity measurements, Fig. 15. Both of these counters
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Figure 15. Tri-Carb 3100TR (left) and Tri-Carb 2900TR (right) Liquid Scintillation
Analyzers.

are computer-controlled through QuantaSmart software for Windows operating system. These instruments have very similar capabilities and were used interchangeably.
They are both equipped with built-in Pentium PC, large capacity bi-directional automatic sample changer, light blocking lid and matched PMTs for coincidence counting. Detailed product specifications for these instruments are provided by Perk Elmer
[161],[162].
Sample Preparation and Measurement
Samples for LSC measurement were prepared by thoroughly mixing 0.5-1 mL of
sample solution containing a radionuclide of interest with 10-15 mL of scintillation
cocktail in 20 mL high-density polyethylene (HDPE) vials. These plastic vials were
selected due to lower background and higher counting efficiency than glass vials and
were easier to dispose without the possibility of breaking [163]. The cocktail of choice
was ULTIMA GOLD AB due to its compatibility with mineral acids ranging from 0
to concentrated molarity [164]. Even with such a cocktail, at high acid concentrations, above 2 M, chemical quenching effects became dominate which were taken into
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account during data analysis. Blanks were prepared with clean solution of the same
matrix as the samples in order to provide the best possible background correction.
Samples were loaded into the automatic sample changer along with standards and
blanks whenever necessary. At least one blank was used for each set of samples and
if samples were to be counted over several days, extra blanks were inserted evenly
across the sample set to account for any background fluctuations. Each sample was
counted for maximum of two hours or until 1 % error (10,000 total counts) was
reached. For high activity samples, a set count time was used since 1 % error was
reached within seconds resulting in inconsistent measurements or samples were diluted
before analysis. Data was collected with QuantaSmart software by defining regions
of interest were the signal was differentiated from background and low energy signals.
The radionuclide concentration in each sample was determined by integrating the
region of interest for total counts and dividing by the total count time. In addition to
calculating these count rates, the software also kept a record of the raw data (counts
vs channel number for each sample) to allow for re-analysis at a later time.
Data Analysis
Careful analysis of the data revealed large shifts in the signal of interest from high
channel numbers to lower channels, Fig. 16. This was due to the chemical quenching
from high mineral acid concentration and the same behavior was also observed for
samples with high metal nitrate content. In order to account for this shift, each set
of samples including their corresponding blanks and standards were re-analyzed by
selecting a region of fix width which included the signal of interest for all samples.
For example, data from Fig. 16 was re-analyzed by integrating the counts between
100 to 1000 channel numbers and dividing by the count time to obtain the count rate.
By using a fixed width, the background subtraction from standards and unknowns
was for the same region and independent of where in the region a signal appeared.
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Figure 16. Chemical quenching of
mineral acid concentration.

241

Am signal in LSC spectrum due to increase in

Once the count rates for blanks, standards and unknown samples were determined,
background corrected count rates were calculated by subtracting the blank count rate
from standards and unknowns. These background corrected count rates were used
for data analysis as described for SX and EXC.
QuantaSmart software had a built-in tool for re-analyzing previous data, called
Replay. However, Replay was not able to re-analyze any set of data correctly unless
that data was the last set counted on that LSC. Thus, a short program was written
in C++ to take the raw data containing counts vs channel numbers and re-analyze
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for any region of interest (user specified). The complete script for this program can
be found in the Appendix.

X-Ray Absorption Fine Structure Spectroscopy
X-ray absorption fine structure (XAFS) is a spectroscopy method commonly used
to obtain information on the local environment around an atom. This technique relies primarily on the x-ray absorption spectrum of an atom in a given matrix which
is a unique signature of that system. The x-ray absorption spectrum is usually divided into two parts, Fig. 17: X-ray Absorption Near Edge Structure (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS). XANES provides information
regarding the oxidation and density of states of the absorbing atom whereas EXAFS
can offer specifics related to local atomic structure (interatomic distances) [165]. In
this work, EXAFS technique was used for understanding speciation of americium in
different solution conditions.
Theory of Operation
The basic principle of x-ray absorption is based on the excitation of an inner electron for a selected element in a sample. This follows the photoelectric effect where the
energy of an excited electron is a result of the difference of the incident photon and
the binding energy of that electron. Once excited, the wave function of the photoelectron is modified by interferences with the wave functions that have backscattered on
the neighboring atoms. Photon energies across the ionization threshold for a selected
atom’s K-edge electrons is used to obtain an x-ray absorption spectrum where oscillations in the EXAFS region represent “an interferrogram of the atomic arrangement
surrounding the absorbing atoms” [166]. The transmission of the photon beam and
the fluorescence resulting from the de-excitation is measured with a series of detec-
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Figure 17. Example of an x-ray absorption spectrum with regions of interest identified:
XANES and EXAFS.

tors to obtain a complete absorption spectrum. Thus, from EXAFS it is possible to
obtain information on the number and type of atoms and their distances surrounding
the absorbing atom. A more detailed review of XAFS including EXAFS and XANES
applications, techniques and principles is provided in literature [167].
System Specification
To make these type of measurements in a reasonable time frame (minutes to
hours), synchrotron x-ray source is required in order to provide high enough intensity
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x-rays. All XAFS measurements were done at the BESSRC-CAT 12 BM located at
the Advanced Photon Source (APS) in Argonne National Laboratory (ANL). Further
information on BESSRC-CAT such as details on the beamline optics is provided by
Beno et al. [168].
Sample Preparation and Measurement
The concentration of an analyte required to obtain sufficient results without selfabsorption for liquid samples is around 1 mM up to tens of mM. Liquid samples were
prepared by loading specially designed sample holders composed of Teflon blocks with
a well cut into on side to hold ∼0.1 mL of solution. The holders were first covered by
a thin sheet of poly-trifluorochloroethylene (TCFE) and held together between two
aluminum plates, Fig. 18. From the well, two small openings were cut to provide
space for filling. Each filling port was covered by TCFE film and a small piece of
rectangular Teflon block with an aluminum cover. The holders were assembled, filled
with the sample solutions, sealed and shipped to ANL for the measurements. The
samples were aligned, at BESSRC-CAT 12 BM, in order to maximize transmittance
and fluorescence signals. XAFS spectra were recorded at the L3 edge (18510 eV) in
fluorescence mode at room temperature using a 13 elements germanium detector. A
double crystal of Si [1 1 1] was used as the monochromator. The energy was calibrated
using zirconium foil (Zr-K edge = 17998 eV). The collected spectrum for each sample
was an average of ten scans (20 minutes for each scan) and covered 0-14 Å

−1

in k

space.
Data Analysis
The background corrections were performed with AutoBK [169] software and data
analysis done with Winxas [170]. Amplitude and phase shift function for fitting procedures were calculated by Feff8.2 [171]. Input files were generated by Atoms [172]
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Figure 18. EXAFS sample holder (covered in Parafilm to prevent external contamination) before closing the filling ports.

using crystallographic structure of similar complexes. Adjustments of the k3 -weighted
EXAFS spectra were performed under the constraints of S20 = 0.9. A single value energy shift (∆E0 ) was used for all scattering. The uncertainty in coordination number
and atomic distance as determined by EXAFS are ±20 % and ±0.01 Å, respectively.

UV-Visible and Infrared Spectroscopy
UV-Vis and IR spectroscopy were employed for experiments related to the separation of lanthanides. The following section will provide information on the theory
behind these spectroscopy methods, specification of the instruments used followed by
sample preparation, measurement and data analysis.
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Theory of Operation
UV-Vis spectroscopy is based on how much light is absorbed by a sample and
follows the Beer-Lambert’s Law:
Aλ = 'λ lc

(4.2)

where 'λ is the molar absorptivity of the analyte at wavelength λ, l is the pathlength
through the sample, c is the concentration of the analyte and Aλ is the absorbance
defined as:
Aλ = −log(Tλ ) and Tλ =

IT (λ)
I0(λ)

(4.3)

where Tλ is the transmittance defined as the ratio of the two intensities, IT (λ) (intensity of light transmitted by the sample) and I0(λ) (intensity of incident light).
For most practical applications, the absorbance is measured directly as a function
of wavelength and Eq. 4.2 and 4.3 hold true for any given wavelength of significant absorbance. UV-Vis spectroscopy covers the wavelength range between 180 and
1,100 nm where 185-400 nm is the near UV, 400-700 nm is the Visible and 700-1,100
nm is the near Infrared (NIR) region. The absorption properties are related to the
electronic transitions associated with the molecular orbital arrangements of a given
analyte. Further discussions on UV-Vis spectroscopy can be found in these textbooks
[173],[174].
IR spectroscopy deals with photon energies lower in comparison to UV-Vis. These
energies are not high enough to excite electrons but fall in the energy range corresponding to vibrational and rotational excitation of an analyte. Typical IR region
of interest is between 400 and 4,000 wavenumber, cm−1 , where the wavenumber is
defined as the reciprocal of the wavelength. In IR spectroscopy, the transmittance,
Eq. 4.3, is measured as a function of the wavenumber to obtain an absorption spectra
which provides a unique representation of the molecular structure for a given analyte.
Vibrational spectroscopy is a feature in IR spectroscopy resulting from the vibrational
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nodes that occur at the characteristic frequencies for specific bond types, such as 9701,250 cm−1 for the C-O bond stretches in alcohols/phenols. Detailed information on
IR spectroscopy is also covered in various textbooks [174],[175].
System Specification
To make spectroscopy measurements related to these two techniques, UV-Vis
and IR spectrometers were used, Fig. 19. For UV-Vis, the Cary 6000i spectrometer
was employed which used two lamps (deuterium and tungsten halogen) to cover an
operating range from 175 to 1,800 nm. The light produced by either light source
passes through a double out-of-plane Littrow monochromator and through a split
into a chopper system. The chopper divides the light beam into three beams: one to
the unknown sample, one to the reference sample and one is blocked completely. Both
sample beams are directed to the detectors: R928 PMT (for UV-Vis) and InGaAs
Photodiode (for NIR). The sample compartment allows for different sample holders
such as temperature control module or individual sample holder to be used with
standard cuvettes. Complete system specifications for the Cary 6000i can be found
in [176].
For IR spectroscopy, Shimadzu IR-Prestige 21 coupled with a triple-bounce diamond attenuated total reflectance (ATR) from PIKE Technologies was used. The
IR-Prestige 21 is a Fourier Transform InfraRed spectrometer that relies on a Michelson
interferometer to obtain a spectrum. Detailed explanation of Michelson interferometer is provided by Currell [175]. This spectrometer is equipped with a ceramic light
source, a beam splitter with germanium evaporated on potassium bromide substrate
that provides measurement range from 7,800 to 350 cm−1 and DLATGS (deuterated
L-alanine doped triglycene sulphate) detector with a temperature controller. More
detailed system specifications are provided in the instruction manual [177]. ATR is
a common sampling technique used in IR spectroscopy that allows for direct mea-
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Figure 19. Cary 6000i UV-Vis spectrometer (left) and IR-Prestige 21 spectrometer
with diamond ATR (right).

surement of the sample (solid, liquid, gas) coupled with fast and easy sampling in
comparison to traditional sample preparation techniques such as KBr plates. The
properties of the diamond ATR utilized with the IR-Prestige 21 are further outlined
in [178].
Sample Preparation and Measurement
Sample preparation techniques for both types of spectroscopy methods were adopted
from general procedures as outlined in [174]. For UV-Vis spectroscopy, sample solutions were placed in 4.5 mL polymethyl-methacrylate (PMMA) disposable cuvettes
for measurement. These cuvettes transmit in the UV-Vis range and provide the ease
of being disposable. The samples were prepared at specific concentrations as to allow
for absorbance measurements in the range of 0-1 (corresponding to 0-90 % absorbance
of light). However, absorbance up to 5 (99.999 % of light absorbed by the sample)
could be accurately measured with the Cary 6000i spectrometer [176]. Prior to the
measurements, two parallel sides of the cuvettes were cleaned with a Kimwipe to remove any absorbing material stuck to the external surface. They were placed into the
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sample compartment with the clean sides facing the incoming beam and the detector.
For each specific sample, a matrix blank was used for background correction.
Both the matrix blanks and samples containing an analyte(s) were measured by the
spectrometer with respect to a reference beam. A matrix blank was measured first,
followed by the samples of interest which were measured relative to the blank and
the reference beam. All measurements were performed for the range of 200-1,200 nm
with other operating parameters summarized in Table 8. The absorbance data as a
function of wavelength was collected with the Cary WinUV software and stored as
comma-separated values (CSV) files for analysis. In addition to the automatic internal calibration checks ran by the instrument during each startup (deuterium emission
lines at 2,624.4, 1,312.2, 656.1, 486.0 and 0 % transmittance), a complete instrument
performance test was performed prior to the first measurement to check for wavelength reproducibility, wavelength accuracy, baseline flatness, maximum resolution
and photometric noise.

Table 8. General operating parameters for sample measurement with the Cary 6000i
spectrometer.
Parameter

Setting

Mode
Scan rate
Data interval
Source changeover
Detector changeover
Grating changeover

Absorbance
600.00 nm/min
1.000 nm
350.00 nm
800.00 nm
800.00 nm

Sample preparation of IR spectroscopy was pretty simple and straightforward.
Small amount (few drops) of the sample to be analyzed was placed directly on the
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surface of the diamond ATR and made sure the entire diamond surface was covered
evenly with the sample solution. The solution was held in place by using a liquid
plate holder with a small opening at the diamond surface. The pressure arm of the
ATR was brought into contact with the top of the sample solution and measurements
were taken in the wavelength region from 400 cm−1 to 4,000 cm−1 . Summary of
other operating parameters are outlined in Table 9. Background measurements were
performed with no samples placed on the ATR. All other measurements were made
relative to the background scan. The transmittance data as a function of wavenumber
was collected with the IRsolution software and stored as CSV files for analysis.

Table 9. General operating parameters for sample analysis with the IR-Prestige 21
spectrometer.
Parameter

Setting

Mode
Apodization function
Number of scans
Resolution

Transmittance
Happ-Genzel
32
2 cm−1

Data Analysis
All data analysis was performed offline with the raw data obtained from CSV files.
For UV-Vis data, absorbance values corresponding to the peaks of interest were identified and isolated as necessary for quantitative analysis, Eq. 4.2. To obtain complete
absorbance spectra of specific samples for comparison, absorbance was plotted as a
function of wavelength. Similarly, data from IR spectroscopy was primarily used for
qualitative assessment by plotting the transmittance as a function of wavenumber for
64

each given sample.

Ion Chromatography
IC with cation exchange chromatography was the main method utilized for the
separation of lanthanides. The following section will provide information regarding
the IC instrument, column of interest, sample preparation and measurement with
UV-Vis detector coupled with a post-column colorimetric technique. Data analysis
was performed with the help of Chromeleon software as outlined at the end of this
section.
Theory of Operation
Theory related to IC can be found in Chapter 2.
System Specification
The Dionex ICS-3000 automated IC, Fig. 20, was used for all studies. This instrument is equipped with AS40 Autosampler that uses a positive displacement sampling technique. The autosampler automatically filters each sample during loading
by passing through a 20 µm filter on the vial cap. It can deliver up to 5 mL of sample
solution to the sample loop and can hold between 66 to 88 polypropylene sample vials
depending on the vial size, 0.5 mL and/or 5 mL. The ICS-3000 has two individual IC
systems where one uses an isocratic pump system coupled with an eluent generator
and a conductivity detector. The other system is based on a gradient pump with up
to four different eluent lines that uses a photodiode array detector (PDA) capable of
measuring absorbance from 190-800 nm (deuterium lamp source from 190 to 380 nm
and a tungsten lamp source for 380 to 800 nm range). The gradient pump system
with the PDA setup was used for all experiments. The instrument is also equipped
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Figure 20. Dionex ICS-3000 system with AS40 Autosampler and PC10 Pneumatic
Controller.

with a post-column pneumatic controller that delivers a colorimetric reagent to the
system by pressure created from an external nitrogen gas. More details regarding
the autosampler [179], the detector [180] and ICS-3000 [181] can be found in their
respective operating manuals.
The ICS-3000 system can be used with variety of columns. The cation exchange
column of choice was the IonPac CS3 4x250 analytical column coupled the IonPac
CG3 4x50 guard column. This analytical column has an ion exchange capacity of
about 30 µeq/column. It is composed of 10 µm polystyrene/divinylbenzene substrate
agglomerated with cation exchange latex with efficiency of 18,000 plates/meter for
sodium at standard operating conditions. The guard column which is used as a prefilter for the analytical column contains the same material as the main column, thus,
it increases retention time by 20 %. Further information on the CS3 column system
including details on column care is provided in the manual [182].
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Sample Preparation and Measurement
General procedures for sample preparation and measurements were adopted from
a technical note published by Dionex [143]. All samples were made in 5 % nitric acid.
Sample loop of 25 µL was used for all measurements with total sample size of 0.5
mL for the autosampler. Operating parameters which were controlled through the
Chromeleon software were varied throughout the measurements. The post column
system was the only module controlled manually by adjusting the pressure to provide
certain flow rate as determined experimentally, see Chapter 7. Eluent and postcolumn reagent solutions were prepared by sonicating with Aquasonic Model 75HT
purchased from VWR to ensure completed dissolution of the reagents used. In most
cases, the eluent was filtered (0.45 µm or 1.6 µm filters) to remove any particulates
and sonicated again to eliminate air bubbles before introducing to the IC system. The
post-column solution was not filtered since it was always added to the chromatography
system after the column.
For each measurement, a method was established with the Chromeleon software
that defined all operating parameters/settings (flow rate, pressure limits, sample injection, temperature controls, detection, data acquisition). Measurements were made
using the gradient pump system as mentioned in the previous subsection.
Once a method started, the liquid flow in the IC system followed a general path.
The eluent flowed from the reservoir(s) to the vacuum degas chambers and into the
proportioning valve where the amount of each eluent to enter the system was selected.
The eluent (or mixture of eluents if more then one was used) was then passed through
a primary pump that controlled the main flow rate and a secondary pump which was
equipped with a priming valve and a pressure transducer. The eluent continued on
into a gradient mixer which ensured that the proportioned eluents were mixed thoroughly. After the gradient mixer, the eluent was transfered to a temperature control
chamber that housed the injection valve and the column. The injection valve had two
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settings: load position (eluent flowed through without any sample injection, sample
loaded into the sample loop) and inject position (eluent flowed through the sample
loop). After the injection valve, the eluent passed through a temperature stabilizer
and onto the column. The column included an analytical column and a guard column that was used as a pre-filter to increase the lifetime of the analytical column.
The eluate off the column was mixed with a post-column reagent for detection using the PDA. Before the measurement, the post-column reagent and the eluate were
mixed together by passing through a reaction coil. The PDA was equipped with a
polyether ether ketone (PEEK) flow cell of 13 µL volume and 10 mm pathlength.
The absorbance as a function of time was obtained for each sample by either scanning a range of wavelengths and/or single wavelength. All data was collected with
the Chromeleon software for analysis. Whenever necessary, one ananlyte standards
were ran with a given method to identify unknown peaks.
Data Analysis
Data of absorbance vs elution time was analyzed with the Chromeleon software
to obtain a retention time (t) for each peak of interest, area under each peak and full,
left and right peak widths at 50 % (w1/2 ), 10 % (w0.1 ), 5 % (w0.05 ) and base (w ), see
Table 3. The peak widths were take relative to the peak height and the base width
was defined as the portion of the peak base intercepted by tangents drawn to the
inflection points on either side of the peak. Once these values were determined, peak
resolution or separation resolution (Rs ) was calculated from:

Rs =

∆t
w2l + w1

where

∆t = t2 − t1

(4.4)

where t2 and t1 correspond to retention times and t2 > t1 , w2l represents the left
width of peak 2 and w1 is the full peak width of peak 1. Eq. 4.4 was tailored towards
optimizing the purity of the first peak and will be discussed in greater detail in Chap68

ter 7. Additionally, an adjusted retention time, t"R , for each peak was determined by
subtracted dead time from measured retention time.

Inductively Coupled Plasma - Atomic Emission Spectroscopy
Elemental analysis with atomic emission spectroscopy (AES) was the primary
method of characterizing individual lanthanide concentrations in elution fractions
obtained from IC separations.
Theory of Operation
AES is based on the emission of photons at characteristic wavelengths by excited
atoms as they de-excite. At very high temperatures most elements have characteristic
and quantifiable emission spectrum. ICP-AES uses a plasma torch as the primary
source for atomization and excitation. A plasma consists of highly ionized gas, usually
argon gas as it is chemically inert, as a result of induction coils that produce high
radio-frequency field. This field accelerates electrons to maintain temperatures of
6,000-10,000 K in the plasma which is adequate for most elements to completely
ionize. Samples containing analyte(s) of interest in solution are converted into an
aerosol by a nebulizer and then carried into the argon plasma via a carrier gas. When
the analyte(s) emit photons of characteristic wavelength as it de-excites, they can
be detected through set of optics optimized for specific wavelengths/emissions lines
of interest. In many cases, multiple emission lines can be monitored simultaneously.
The intensity of each emission line can then be used to quantify each analyte, given a
calibration plot based on standards of the same analyte. More information on atomic
emission spectroscopy is provided by Harris [174] and on ICP-AES by Manning and
Grow [183].
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System Specification
The ICP-AES instrument used for all measurements was the iCAP 6500 manufactured by Thermo Scientific coupled with the ASX520 Autosampler, Fig. 21. This
spectrometer is equipped with RF source of 27.12 MHz and a higher performance
CID86 chip detector covering the wavelength range of 166-847 nm. The iCAP 6500’s
iTEVA software was used for all method development, data acquisition and analysis.
Detailed technical information on this instrument is provided by Thermo [184].

Figure 21. Thermo iCAP6500 Spectrometer with ASX520 Autosampler (right).
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Sample Preparation and Measurement
Samples for ICP-AES measurements were prepared in mineral acid, typically 5 %
nitric acid, with concentrations ranging between 0.01-100 ppm. For lanthanides of
interest, linearity of the concentration range with respect to measured intensity was
determined on individual bases. Before measurement of unknown samples, the system
was calibrated with standards of each analyte. All samples (standards, unknowns,
blanks) were introduced into the ICP-AES and their spectrum viewed in radial mode.
Detection of specific emission lines were carefully selected to eliminate any interferences. General operating parameters used in most measurements are summarized in
Table 10. The iTEVA software automatically provided a calibration plot and the
Limit of Detection (LOD) for the calibration. Results for each sample were reported
in terms of ppm although individual intensities could have be obtained for manual
data analysis.

Table 10. Operating parameters for ICP-AES sample measurements using iTEVA
software.
Parameter

Setting

Number of measurements per sample
Sample flush time
Flush pump rate
Analysis pump rate
RF power
Nebulizer flow
Auxiliary gas

3
30 sec
50 rpm
50 rpm
1150 W
0.5 L/min
0.5 L/min
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Potentiometric Measurements
Use of an electrode to measure voltages that provide information on the chemical
environment is referred to as potentiometry. Potentiometric methods are commonly
used for pH measurements using a typical combination electrode that incorporates
both glass and reference electrodes in one. Studies related to the separation of lanthanides utilized such pH measurements for two reasons: pH of a specific solution
and pKa measurements through potentiometric titrations.
Theory of Operation
pH of a given solution is defined as the activity of hydrogen ion in solution:
pH = −log[a(H+ )]

(4.5)

The pH value is directly related to the equilibrium constant, Ka , for the analyte(s)
present in a given solution (omitting activity coefficients):
Ka

HA ! H+ + A−

Ka =

[H+ ][A− ]
[HA]

(4.6)

For strong acids or bases, almost complete disassociation is commonly observed. For
example, Ka for strong acids such as hydrochloric are nitric acids are 103.9 and 101.4 ,
respectively [174]. On the other hand, when dealing with weak acids and bases,
an equilibrium is established between the acid/base and its conjugate base/acid as
defined by the Henderson-Hasselbalch equation (again, omitting activity coefficients),
in this case for a weak acid:
[A− ]
pH = pKa + log
[HA]
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(4.7)

For this equation, when [A− ]=[HA], then pH=pKa since log 1 = 0 which is useful for
pKa measurements.
In order to measure the pH of a solution, a combination electrode is commonly
used where it measures the potential difference across a glass electrode against a
reference electrode. Before such an electrode can be used for pH measurements, it
needs to be calibrated with at least two standard buffers that bracket the pH of the
solution being measured. More information on topics related to acid-base equilibria,
titrations, electrodes and potentiometry are covered by Harris [174].
System Specification
A direct pH measurement of a solution without any titration was performed using
the sympHony Series pH Electrode with Ag|AgCl internal reference system coupled
with the sympHony Meter SB70P, both purchased from VWR. For potentiometric titrations, the Orion 9165BNWP Combination Sure-Flow pH Electrode was used
with the automated Orion 960/940 titration system and Orion AutoTitration-500 autosampler, all purchased from Thermo Scientific. Data from the titrator was captured
with EZ960 Interface software.
Sample Preparation, Calibration and Measurement
The samples for direct pH measurements were taken from experimental solutions
and measured without any adjustments. The sympHony pH electrode was first calibrated with three standard buffers (2.00, 4.00, 7.00), prior to the measurements of
unknown samples (within 2-7 pH range), every 3-4 hours. Calibration slope ranging
from 99-101 % was obtained before moving forward to sample analysis. The electrode
was rinsed with distilled water in between each measurement. A pH measurement
was obtained for each sample by allowing the electrode to equilibrate for at least one
minute after inserting it in the sample solution. The pH value was displayed on the
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meter and copied into a lab notebook.
For potentiometric titrations of weak acids, samples were prepared in basic solutions at concentrations in a range as to allow for a complete titration from high to
low pH within ∼8 mL of an acidic titrant. The pH electrode was calibrated exactly
as described in the previous paragraph. The dispenser was also calibrated, prior to
use, with a reference working solution. A method was established for potentiometric
titration of the sample solution with the automated titration system, summarized in
Table 11. Data of the pH as a function of titrant volume was obtained and saved in
a text file by the software for further analysis.

Table 11. General method used for potentiometric titrations with the Orion 960/940
titration system.
Parameter

Setting

Mode
Reading Time
Before analysis stir
After each dispense stir
Wash in between samples
Dispense increments

Max volume titration
20 sec
15 sec
15 sec
30 sec
0.100 mL

Data Analysis
The pH of a solution containing a weak acid of interest was used to determine
the conjugate base concentration, [A− ], Eq. 4.7, where the pKa for the weak acid, as
represented in the same equation, was extracted from its titration curve. By plotting
the pH vs titration volume, the pKa =pH at the midpoint volume between the two
equivalence points of the titration curve. These points were calculated from the first
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derivative of the titration curve where the absolute maximum values represented the
equivalence points. The first derivative for two consecutive titration points, (V1 ,pH1 )
and (V2 ,pH2 ), was taken as:
∆pH
pH2 − pH1
=
∆V
V2 − V1

and

Vmid =

where the derivative was plotted as a function Vmid .
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V2 + V1
2

(4.8)

CHAPTER 5
AMERICIUM AND CURIUM - CHARACTERIZATION OF VARIOUS
EXTRACTION CHROMATOGRAPHY RESINS FOR PURE ACID SYSTEMS
AND THEIR APPLICATIONS FOR SEPARATION
Initial studies of EXC resins provide the basis for expanding the potential of the
extractants. Such studies, as mentioned in Chapter 3, include the characterization of
many resins manufactured by Eichrom Technologies, Inc. for large group of actinides
and lanthanides [25],[110]-[117]. Review of the data available in the literature reveals
limited or no extraction data on Cm(III) since the behavior of Cm(III) is often modeled after Am(III) as expected given the chemical similarities between these actinides,
see Chapter 3.
In this study, series of experiments were carried out to expand the data already
available on selected resins to include the extraction behavior of Am(III) and/or
Cm(III) in an attempt to separate them. The resins characterized in this work were
TEVA, TRU, DGA(N), Ac, Ln, Ln2 and Ln3 manufactured by Eichrom. Batch
studies based on previously established procedures were employed in characterization
of each resin for nitric acid (0.01-9.85 M HNO3 ) and hydrochloric acid (0.01-6.16 M
HCl) matrices. Two of the resins, TRU and DGA(N), were also characterized for
hydrobromic acid (0.01-6.67 M HBr). At certain conditions when large differences in
extraction behavior of Am(III) and Cm(III) were observed, dynamic column studies
were carried out in an effort to separate them as is the focus of this research.
The mechanisms of Am(III) and Cm(III) extraction with these resins cover a wide
range of extractable complexes from cationic to anionic species including neutral complexes. Further information on each specific extraction mechanism and the extractant
associated with each resin are presented later in this chapter. Detailed information on
the experimental procedures are described in the first section of this chapter followed
by presentation of results and discussions. Future works related to this study are
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outlined at the end of the chapter.

Experimental
Reagents and Trace Solutions
Working solutions of HNO3 , HCl and HBr were prepared from volumetric dilution
of “Baker Analyzed” A.C.S. Reagent concentrated acids using DI-water from a Cascada IX-water purification system. The actual assays for HNO3 , HCl and HBr were
69.5 %, 37.7 % and 48 %, respectively. A total of 10 different solutions for HNO3
and 8 different solutions for HCl and HBr were prepared with concentrations ranging
from 0.01 M to 10.0 M for HCl and up to concentrated for HNO3 and HBr, Table 12.

Table 12. Working acid solutions prepared for characterization of resins.
Acid

Concentration (M)

HNO3
HCl
HBr

0.01, 0.08, 0.20, 0.80, 1.50, 3.00, 6.00, 10.0, 13.0, 15.7
0.01, 0.08, 0.20, 0.80, 1.50, 3.00, 6.00, 10.0
0.01, 0.067, 0.13, 0.67, 1.3, 2.7, 5.3, 8.9

Free TEVA (100-150 µm), TRU (100-150 µm), DGA-N (50-100 µm), Ac (100-150
µm), Ln (50-100 µm), Ln2 (50-100 µm) and Ln3 (50-100 µm) resins were purchased
from Eichrom and used as received. Detailed information regarding these resins is
provided in Table 13.
The radionuclides used in these experiments, Am-241 (t1/2 =432.7 yrs) and Cm-244
(t1/2 =18.1 yrs), were purchased from Isotope Products Laboratories. Tracer solutions
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Table 13. General information on TEVA, TRU, DGA(N), Ac, Ln, Ln2 and Ln4 resins.
Resin
Name

Density
(g/mL)

TEVA
TRU
DGA(N)
Ac
Ln

1.09
1.12
1.13
1.11
1.15

Ln2

1.13

Ln3

1.13

Capacity
(/g resin)

Conversion
Factor (Dw /k’)

70 mg Th
7 mg Nd
10.6 mg Eu
45.5 mg Nd
0.14 mmol
An(III) or Ln(III)
0.14 mmol
An(III) or Ln(III)
0.16 mmol
An(III) or Ln(III)

Reference

1.97
1.82
1.75
1.94
1.75

[110][185]
[111][186]
[113][187]
[116][188]
[25][189]

1.82

[25][189]

1.67

[25][189]

of ∼100 Bq/mL and ∼2000 Bq/mL for both of these actinides were prepared by
volumetric dilution using 0.01 M solution of each acid. Since the stock solutions were
already in 0.01 M HNO3 , tracer solutions in 0.01 M HNO3 could be prepared by direct
dilution. For tracers in 0.01 M HCl and HBr, known aliquots of the stock solutions
were evaporated to dryness in 20 mL glass LSC vials under a heat lamp, redissolved in
0.500 mL of concentrated HCl/HBr and evaporated to dryness, again. This conversion
procedure with concentrated acid was performed twice, followed by a dilution in fixed
amount of 0.01 M acid. The working tracer solutions were characterized by LSC prior
to use.
Batch studies and k’ measurements
General procedures for batch studies are described in Chapter 4. In 1.5 mL
centrifuge tubes, ∼50 mg of resin (exact amount measured before preconditioning)
was preconditioned with 0.800 mL acid of known concentrations, Table 12, by mixing
with a rotisserie shaker for at least an hour. To the preconditioned resin, 0.500 mL
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of either Am-241 or Cm-244 tracer solution (∼100 Bq/mL) in the same acid matrix
(at 0.01 M) was added and mixed with the shaker for another hour to establish
equilibrium. Kinetic studies from literature indicate that equilibrium is reached for
all seven resins within 60 minutes [25],[110],[113],[116]. Samples were allowed to sit
overnight and the aqueous phase filtered from the resin. An aliquot of 1.000 mL was
analyzed with LSC to determine the total amount of americium or curium left in
solution after contact with resin. The final solution concentration was defined by the
combination of 0.800 mL of known acid from preconditioning and 0.500 mL of 0.01
M acid from the tracer solution.
The weight distribution ratio, Dw , and the number of free column volumes to peak
maximum, k’, were determined as outlined in Chapter 4 using the conversion factors
for Dw /k’ provided in Table 13. A total of five separate experiments was performed
at each given solution conditions for HNO3 and HCl and only two for HBr. The errors
reported for k’ values from batch studies indicate the population deviation of the five
measurements. For samples with large k’ values, >104 , the activities remaining in
solution became negligible. Therefore, an upper limit on k’ was established by the
“detection limit” as defined in the Currie Equation [190]:

ND = 4.65 × σNB + 2.71

(5.1)

where ND represents the minimum number of counts in a sample for which the falsenegative rate is no greater than 5 % and σNB is the background counting error.
Solution lost due to preconditioning
Since the resins were preconditioned prior to adding tracers, a small amount of
the preconditioning solution was lost in wetting the resin. As a result, at very low
k’ values, where only a minimum amount of trivalent actinide was extracted, measured specific activities in solution after equilibration were usually higher than the
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calculated expected specific activity from mixing of the two volumes, 0.800 mL from
precondition and 0.500 mL from tracer solution. Thus, an upper limit on low k’ was
determined by preconditioning ∼1 g of resin, TEVA and TRU, with 5 mL of acid
solution of 0.1 M and 10 M HNO3 and HCl for comparison and then separating the
resin from solution. This was accomplished with a filter attached to a syringe and
using manual force to separate the solution from the resin as much as possible. The
wet resin was transfered into a glass LSC vial, weighted, dried on a hot plate at 90 ◦ C
with a heating block over an entire week and weighted again. The dry resin was then
discarded, the vial washed and dried as before but over two days and weighted again
for the last time. Through gravimetric analysis, solution lost during precondition was
determined in terms of mL/g of resin. Density of acids were adopted from Handbook
of Chemistry and Physics [191] for converting 0.1 M or 10 M of HNO3 or HCl from
mg to mL. Triplicate measurements were performed at each condition with errors
representing the population deviation of the three values.
Column Studies
General column procedures and data analysis are provided in Chapter 4. Three
different systems were selected for column studies: 10.0 M HNO3 with TEVA, 1.00
M HNO3 with TRU and 0.05 M HNO3 with DGA. A known amount of resin was
preconditioned with each of these acid solutions, packed in columns and rinsed with
10-15 FCVs of the same acid solution to prep columns for separation. The FCV was
determined by Eq. 4.1 using the density of each resin as summarized in Table 13. The
tracer solutions of Am-241 or Cm-244 (∼2000 Bq/mL) were converted to the elution
matrix by diluting 0.100 mL of the tracer solution with an appropriate volume of
concentrated acid to achieve the elution concentration of interest. This was done to
obtain the smallest initial sample volume in order to minimize band spreading. The
resulting small aliquot of either americium or curium tracer solution with total activ-
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ity, ∼100 Bq, was added on top of the column and elution fractions of 1 mL collected
until sufficient volume had passed through the column to obtain a complete elution
profile. Extreme care was taken in preparation of the columns in order produce almost identical columns for each system (in terms of bed height, resin weight, flow
rate) since americium and curium elution curves were measured on different columns.
The flow rates were estimated to be 0.20 mL min−1 (TEVA and DGA) and 0.29 mL
min−1 (TRU) at room temperature, 22-24 ◦ C. The k’ for americium and curium from
elution curves, Eq. 2.4, and their corresponding separation factors, Eq. 2.5, were determined as outlined in Chapter 4. Since these actinides were investigated on different
columns, elution fractions were analyzed with LSC for total activity corresponding to
one of the actinides. The elution profile for a given system, the total percent of each
actinide eluted off the column as a function of elution volume/FCV, was obtained
with error bars indicating the counting error associated with each elution fraction.

Results and Discussion
Limits on k’ from batch studies
The upper limit for k’ is determined from Eq. 5.1 for typical background counts
in the range of 10-20 CPM, depending on the width of the counting region from LSC
data analysis. For example, a batch experiment with 50 Bq of tracer in a total of 1.3
mL solution and 50 mg resin will yield limits on Dw as summarized in Table 14. The
Dw as determined with Eq. 2.7 can be converted to k’ for any given resin. An upper
limit for k’ is calculated on an individual basis (each acid/radiotracer system) but they
all fall within an order of magnitude 104 -105 . These limits are a direct consequence of
applying restrictions on the minimum detectable activity. Data points above a given
upper limit are plotted at this limit without any error bars and each upper limit is
identified with a horizontal line.
81

Table 14. An example for calculating the upper limit on Dw (k’=Dw ×Fc where Fc is
a correction factor) according to the Currie Equation for various background count
rates in a batch experiment using a total tracer of 50 Bq in 1.3 mL solution and 50
mg of resin with total count time of two hours.
Background
CPM

Total
Counts

σNB

ND

Detection
Limit CPM

Dw Limit

10.0
12.0
14.0
16.0
18.0
20.0

1200
1440
1680
1920
2160
2400

34.6
39.9
41.0
43.8
46.5
49.0

164
179
193
206
219
231

11.4
13.5
15.6
17.7
19.8
21.9

4.28×104
4.00×104
3.75×104
3.53×104
3.33×104
3.16×104

The lower limit on k’ is established from the solution lost due to preconditioning
and the corresponding increase in specific activity of the tracer in solution. Results
from this experiment are summarized in Fig. 22. Although TRU resin appears to
have a higher uptake of solution during preconditioning in comparison to TEVA
resin, calculated k’ values from these measurements are in the range of 0.6-1.0 for a
similar batch experiment as described for the upper limit calculations, Table 14. The
k’ is calculated using a corrected activity for the solution lost as the initial activity,
Ao , and a non-corrected activity as the maximum detectable activity, As , as described
by Eq. 2.7 and converted to k’ using Eq. 2.10. These represent upper limits on low
k’ since manually forcing all the free solution out of a gram of preconditioned resin
with a syringe is very unlikely. A general limit for low k’ of 1 is selected as a cutoff
in representing measured k’ for the characterization of resins. Additionally, some
literature results from Horwitz et al. [113] do not include k’<1. Data points below
the lower limit are presented as part of the results only when they appear in the
middle of an extraction curve and are plotted as k’=1 without any error bars.
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Solution Lost (mL/g)

TRU - HNO3
TEVA - HNO3
TEVA - HCl
2

0

0.1 M acid

10 M acid

Preconditioning Solution
Figure 22. Acid solution (mL) lost during preconditioning of resin (g), raw data in
the Appendix.

TEVA Resin
The characterization of Am(III) and Cm(III) on TEVA resin shows minimum
sorption, k’<1, for the entire concentration range studied in both HNO3 (0.01-9.85)
and HCl (0.01-6.16) systems. The only data point point above the k’<1 threshold is
for Cm(III) at 9.85 M HNO3 , k’=5.97±3.60. The individual k’ values for this data
point of five different measurements range from 2.3 to 11.6. The large error in the
k’ is an indication that some experimental error(s) may not have been accounted for.
The Aliquat-336 extractant, Fig. 9, on TEVA resin acts as an anion exchanger where
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the extractable species of Am(III) and Cm(III) are expected to be the tetranitrate,
−
An(NO3 )−
4 , or tetrachloride, AnCl4 , complexes. It is evident from these batch re-

sults that anionic species are not formed at the acid conditions as set forth in this
experiment. Similar results are obtained by Horwitz for Am(III) on TEVA in HNO3
and HCl [110]. Am(III) and Cm(III) uptake by TEVA has been shown to increase
in metal nitrate systems such as Li(I), Na(I), Mg(II), Ca(II) and Al(III) which is
discussed in greater detail in Chapter 6.
Due to the low sorption of trivalent actinides on TEVA, column studies with this
resin were performed to establish and confirm the column procedure. The study was
carried out at 10 M HNO3 where k’ values were expected to be <1, although batch
studies showed high k’ for Cm(III) with large error. Results are as expected, both
actinides eluted off the column within the first few fractions, Fig. 23, k’∼1 for both
actinides. It also confirms the observed extraction of Cm(III) at high HNO3 concentration in batch studies to be a result of some unidentified experimental error(s).

TRU Resin
The extraction behavior of Am(III) and Cm(III) on TRU resin is presented in Fig.
24. Only the results from HNO3 and HBr systems are shown since k’ is <1 for both
actinides in the entire HCl concentration range. The extraction of Am(III) follows
the mechanism:
Am3+ + 3NO−
3 + 3E ↔ Am(NO3 )3 · 3E
for different carbamoylmethylphosphine oxide extractants [192]. The extraction system associated with TRU resin is the synergistic combination of octyl(phenyl)-N,Ndiisobutylcarbamoylmethylphosphine oxide (CMPO) dissolved in tri-n-butyl phosphate (TBP), Fig. 25. It is expected for Cm(III) to follow the same exact behavior as
Am(III), but results show minor variations at HNO3 concentrations above 0.5 M. The
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Figure 23. Elution profile for Am(III) and Cm(III) on TEVA resin with 7.5 mL of
10 M HNO3 . The calculated FCV is 0.41 mL (column height of 4.3 cm with total
resin load of 176 mg) resulting in k’ of 1.4 for both actinides in comparison to their
corresponding k’ values from batch studies.

extraction of Cm(III) is lower in comparison to Am(III) but follows a similar trend.
This type of behavior where a heavier neighboring element has lower k’ than its lighter
neighbor is also observed in the lanthanide series between Eu(III) and Gd(III) [112]
which are isoelectronic to Am(III) and Cm(III), respectively. Results from the HBr
system indicate lower extraction at high acid concentration as compared to HNO3 except for low acid concentrations, <0.1 M. This is unexpected because the extraction
at higher bromide concentration is lower in comparison to the nitrate system. Thus,
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Figure 24. Nitric acid (left) and hydrobromic acid (right) dependency of k’ for Am(III)
and Cm(III) on TRU resin, raw data in the Appendix.

it can be assumed that the neutral tribromo complex at low bromide concentration
should not form and no extraction should be observed. Additionally, bromide is considered to be softer than chloride, therefore, the formation constant (as defined by
IUPAC [193]) for the tribromo complex is expected be lower than for the trichloro
complex and no extraction should be observed in the HBr system, contrary to the actual results. This behavior is most likely the result of an inner-sphere vs outer-sphere
complex formation with different anions. Therefore, based on the results of Fig. 24,
a general trend for the extraction equilibrium dependency on the counter anion in
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Figure 25. Extractants associated with TRU resin: CPMO (left) and TBP (right).

solution follows this order:
−
−
NO−
3 > Br > Cl

This trend is more strongly apparent in the results from DGA(N), presented later in
this chapter. The extraction behavior of Am(III) from HNO3 and HCl are identical
to the results available from literature [111]. The equilibrium constant for extraction
of americium trinitrate by TBP has been previously measured to be 0.4 at zero ionic
−
−
strength but formation constants for 1:3, Am(III) or Cm(III) with NO−
3 /Cl /Br ,

complexes are not available in published literature, only 1:1 and 1:2 have been measured [51],[194].
The separation factor between Am(III) and Cm(III) for the entire HNO3 concentration range except for 0.01 M where k’<1 is presented in Fig. 24 with the highest
separation factor of 1.45±0.04 at 0.93 M HNO3 . A column experiment was performed
at 1.00 M HNO3 in an attempt to separate these trivalent actinides, Fig. 26. The
k’ values from column studies are slightly lower in comparison to those from batch
experiments. However, the separation factor from the column study, 1.56, is a bit
higher than in the batch study, 1.45. It is also important to note that the HNO3
concentration is slightly different in the column run, 1.00 M, compared to the batch

87

10

8

% Eluted

k’=43.4 (k’batch=52.8-60.1)

Am
Cm

6
k’=67.9 (k’batch=76.5-83.2)
4

2

0
0

10

20

30

40

50

Elution Volume (mL)
Figure 26. Elution profile for Am(III) and Cm(III) on TRU resin with 40 mL of 1.00
M HNO3 for curium and 50 mL of 1.00 M HNO3 for americium. The calculated FCV
is 0.45 mL (column height of 4.7 cm with total resin load of 200 mg) resulting in k’ of
43.4 and 67.9 for Cm(III) and Am(III), respectively. The arrow to the right indicates
a column rinse with 3 mL of 0.05 M HNO3 .

experiment, 0.93 M. Additionally, other factors such as flow rate, temperature, column length and resin particle size can influence column efficiency which have to be
taken into account when comparing results from batch studies to those from column
studies [26],[159]. Recent study by Kurosaki and Clark [100] investigated the effects
of flow rate and column length on separation of Am(III) and Cm(III) using TRU resin
at 0.10-0.20 M HNO3 . Their results showed that separation can be greatly enhanced
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by increasing the column length up to 91 cm and decreasing the flow rate to 0.115
mL min−1 , in comparison to 4.7 cm and 0.29 mL min−1 for this work. However, the
authors did not mention why the specific range of HNO3 was selected. The complete
characterization of TRU resin as presented in this chapter suggests that a better separation can be achieved with similar experimental parameters as used by Kurosaki
and Clark but at an eluent composition of ∼1 M HNO3 . A separation of Am(III)
and Cm(III) based on the first 27 mL of elution volume where the trailing edge of
Cm(III) elution peak crosses the leading edge of Am(III) peak, Fig. 26, represents
77.7 % recovery of Cm(III) and only 26.1 % of Am(III). This elution fraction can be
run through the same column procedure several times to achieve better separation at
the cost of low overall Cm(III) recovery yield.
DGA(N) Resin
The extraction mechanism of trivalent actinides as neutral complexes from acidic
solutions by N,N,N’,N’-tetraoctyldiglycolamide, the active component of DGA(N)
resin as shown in Fig. 27, has been identified in literature [113],[114]. Although the
extractable species and the mechanism are the same as described for TRU resin, increase in the uptake by DGA(N) is due to the nature of the extractant: the tridentate
ligand of DGA(N) resin vs the monodentate ligand of TRU resin. In-depth discussion
on the differences between these resins is provided by Horwitz et al. [113]. Results
of the Am(III) and Cm(III) characterization on DGA(N) resin for three acid systems
with k’>1 are presented in Fig. 28.

In two papers covering the characterization of

DGA(N), one by Horwitz et al. [113] and another by Pourmand and Dauphas [115],
there is no data on Cm(III) behavior for any of these acids. The data of Am(III) from
this experiment, k’ of 178 at 0.13 M HNO3 and k’ of 104 at 0.93 M HNO3 , match
closely with those reported by Horwitz, k’ of ∼100 for 0.1 M HNO3 and k’ of ∼104 for
1 M HNO3 . Similar comparison can be made for the hydrochloric acid system, only
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Figure 27. Active component of DGA(N): N,N,N’,N’-tetraoctyldiglycolamide.

for Am(III). There is no published data on the extraction of Am(III) and Cm(III)
from hydrobromic acid media. As with TRU, the behavior of Am(III) and Cm(III)
on DGA(N) are not identical but follow similar sorption trends. At low HNO3 concentrations, Cm(III) has a higher k’ than Am(III) but around 0.7 M this behavior is
reversed. The general extraction behavior of Am(III) and Cm(III) is very similar for
all three acid system except at low HNO3 concentrations, 0.01-0.1 M, with calculated
separation factors above 2, Fig 28. The heavier trivalent actinide having higher uptake for a given HNO3 concentration appears to mimic the lanthanides behavior on
DGA(N) [113].
As observed in the characterization of TRU, extraction behavior for both trivalent
actinides at a given acid concentration depends on the anion in solution, Fig. 29. Once
again, the extraction equilibrium appears to follow the trend identified previously:
−
−
NO−
3 > Br > Cl

An identical trend is present in the Cm(III) extraction dependency for the same group
of acids, not shown. The data for Fig. 29 is the same as shown in Fig. 28 excluding
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Figure 28. Nitric acid (left) and hydrobromic/hydrochloric acid (right) dependency
of k’ for Am(III) and Cm(III) on DGA(N) resin, raw data in the Appendix.

the data points on the upper limit.
A column study with DGA(N) was performed at 0.05 M HNO3 in an effort to
separate Am(III) from Cm(III). This concentration is selected to provide a large
enough k’ for both actinides in order to accurately measure the elution profile without
sacrificing too much of the high separation factor in comparison to running a column
with 0.01 M HNO3 . The elution curves for both actinides are shown in Fig. 30.
As expected from batch results, Am(III) elutes off the column before Cm(III). The
separation factor obtained from the batch study is 2.12±0.11 at 0.05 M HNO3 which
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Figure 29. Acid dependency of k’ for Am(III) on DGA(N) resin, data adopted from
Fig. 28.

is significantly higher than from the column run of 1.45. Again, this difference can
be due to a variety of chromatographic factors as mentioned previously. The k’
for Am(IIII) is higher from the column run compared to the batch study but lower
for Cm(III), resulting in lower separation factor from the column experiment. A
separation of Am(III) and Cm(III) based on the first 22 mL of elution volume, Fig.
30, represents 86.1 % recovery of Am(III) and only 24.0 % of Cm(III). A better
separation is possible if this elution fraction undergoes the same separation process
several times.
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Figure 30. Elution profile for Am(III) and Cm(III) on DGA(N) resin with 45 mL
of 0.05 M HNO3 . The calculated FCV is 0.38 mL (column height of 4.2 cm with
total resin load of 200 mg) resulting in k’ of 46.4 and 67.4 for Am(III) and Cm(III),
respectively.

Ac Resin
The active component of Ac resin, bis(2-ethylhexyl)methanediphosphonic acid
(Fig. 31), has been shown to have a very high affinity towards trivalent actinides, especially Am(III) [116],[195]. Although the exact extraction equilibrium is not known,
data reported here (Fig. 32), suggests the formation of cationic extractable species
for Am(III) and Cm(III) since at high acid concentrations neutral nitrate or chloride
complexes are dominant, as shown in TRU and DGA extractions. Additionally, ex93
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Figure 31. Active component of Ac resin: bis(2-ethylhexyl)methanediphosphonic
acid.

traction behavior of these actinides on Ac is comparable to those from Ln-Ln3 resins
as discussed later in this chapter where cationic complexes are extracted. The sorption behavior of Am(III) and Cm(III) are similar to each other for both acid systems,
thus, no attempts are made to separate them. The literature k’ values for Am are
>105 for HCl concentrations below 1.00 M but extraction of Am(III) above 1.00 M
is in close agreement with those reported by Horwitz et al. [116]. Since the upper
limit on k’ is reached for solution conditions below 1.00 M HCl, no conclusions can
be made about the relative differences or similarities between Am(III) and Cm(III)
extraction in that region. The same conclusion applies to the HNO3 concentration
region below ∼0.5 M. No literature data is available for Cm(III) from HCl or Am(III)
and Cm(III) from HNO3 media for comparisons.
Ln, Ln2 and Ln3 Resins
The extraction of trivalent metals with these resins follow the exchange equilibrium
[189],[196]:
M3+ + 3(HY)2 ↔ M(HY2 )3 + 3H+
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Figure 32. Nitric acid (left) and hydrochloric acid (right) dependency of k’ for Am(III)
and Cm(III) on Ac resin, raw data in the Appendix. Literature data for Am(III) in
HCl is adopted from [116].

where Y represents the conjugate base of the phosphoric, phosphonic or phosphinic
acid extractants loaded on Ln, Ln2 and Ln3 resins, respectively, Fig. 33. Am(III)
and Cm(III) uptake decrease as HNO3 and HCl concentrations increase, see results
in Fig. 34, due to the formation of mono-, di- and tri-nitrate actinide complexes at
higher acid concentrations. Additionally, an increase in acid concentration pushes the
extraction equilibrium to the left and also, the acidity of extractants decrease from
phosphoric acid to phosphonic acid to phosphinic acid [197], due to the removal of the
ester oxygen(s). Therefore, it is expected for the extraction to decrease from Ln to
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Figure 33. Extractants associated with Ln (a), Ln2 (b) and Ln3 (c) resins.

Ln2 to Ln3 resins [25]. The extraction behavior for Am(III) and Cm(III) is extremely
similar which indicates identical extraction equilibrium. This is not surprising since
the extractable actinide species are the trivalent actinides without any associated
counter ions such as nitrates or chlorides. This type of extraction behavior is also
observed in the neighboring trivalent lanthanides such as Eu(III) and Gd(III) [25] and
is the basis for not attempting any separation with column experiments. The sorption
trends for Cm(III) on Ln resin and Am(III) on Ln, Ln2 and Ln3 resins from HNO3
are in good agreement with data from literature [117],[198]. The literature data for
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Figure 34. Nitric acid (left) and hydrochloric acid (right) dependency of k’ for Am(III)
and Cm(III) on Ln, Ln2 and Ln3 resins, raw data in the Appendix.

HNO3 system expands all the way down to 0.001 M. For the interest of this project,
all characterizations are performed from 0.01 M to 9.85 M HNO3 where data points
above the upper limit of low k’ are presented, as in Fig. 34. There is no published
data currently available on the extraction behavior of Am(III) and Cm(III) on any
of these resins from HCl or Cm(III) on Ln2 and Ln3 resins from HNO3 .
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Future Work
For DGA(N) resin, batch studies with higher concentration of americium and
curium tracers and lower amounts of resin are required to completely confirm the
results of Am(III) and compare them with literature since at high acid concentrations,
HNO3 and HBr, upper limits of k’ for Am(III) and Cm(III) are reached. Similarly,
Ac resin at low acid concentrations, <1 M HNO3 and HCl, need to be revisited in
order to achieve higher limits on k’. For Ln/Ln2/Ln3 resins, the range of the lower
acid concentration should be expanded to 0.001 M to include several more data points
and to allow for comparison to the limited data available in literature. Lastly, column
studies focused on optimizing separation of americium and curium with respect to
various parameters such as column height/width, tracer mass loading and flow rate
are necessary to further investigate and improve on the separations presented here.
Column runs with HBr elution system at 0.01 M and 6.67 M with TRU resin should
also be considered.
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CHAPTER 6
AMERICIUM AND CURIUM - CHARACTERIZATION OF TEVA RESIN FROM
METAL NITRATE MATRICES AND ITS APPLICATION FOR SEPARATION
In support of the americium and curium separation project, a series of experiments
was performed to further investigate the role of nitrate salts, as reviewed in Chapter
3, on the extraction behavior of these actinides by a quaternary amine, Aliquat-336
(Fig. 9). The nitrate salts of Li(I), Na(I), K(I), Mg(II), Ca(II) and Al(III) were used
as the primary aqueous systems for the characterization of Am(III) and Cm(III) on
TEVA resin (active component is Aliquat-336) as well as with free Aliquat-336 in SX
experiments. For two nitrate salt systems, Li(I) and Al(III), where high separation
factors were observed in batch studies, column experiments were also performed. Additionally, EXAFS spectroscopy was utilized as a tool to obtain information on the
speciation of Am(III) in different nitrate salt solutions (Li(I), Na(I), Mg(II), Ca(II)).
The results of all these studies are presented in this chapter.

Experimental
Reagents
All chemicals were purchased from Sigma-Aldrich and used as received. Nitric
acid solutions were prepared by volumetric dilution of concentrated nitric acid, ACS
reagent, with actual assay of 69.5 %. Working solutions for the six different metal
nitrate systems were prepared from their respective analytical grade salts. As an
example, for lithium nitrate (LiNO3 ), a total of 14 different solutions were prepared
ranging from 0.01 M to 7.2 M in concentration by dissolving the lithium nitrate salt
with DI-water in a volumetric flask. Similarly, solutions were prepared for Na(I),
K(I), Mg(II), Ca(II) and Al(III) nitrates. More details on the preparation of all these
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solutions are provided in Table 15. Highly concentrated salt solutions were sonicated
to achieve complete dissolution.

Table 15. List of working solutions prepared for the six different metal nitrate systems.
Metal Nitrate Salts
LiNO3 Reagent Plus
NaNO3 ACS Reagent
KNO3 ACS Reagent
Mg(NO3 )2 Hexahydrate
Ca(NO3 )2 Tetrahydrate
Al(NO3 )3 Nonahydrate
1 Upper

# of Solutions

Range of Solutions1 (M)

14
9
7
8
8
6

0.01
0.01
0.01
0.01
0.01
0.01

-

7.20
7.50
2.50
3.75
5.00
2.00

limit defined by the solubility of a given salt in DI water

Free TEVA resin of particle size 100-150 µm was purchased from Eichrom and
used as received. The active component of TEVA resin, Aliquat-336, is 40 % by
weight [110]. Free Aliquat-336, a mixture of trioctyl and tridecyl methyl ammonium
cloride, was purchased from Sigma-Alrdich and used to prepare a solution of 3.62 %
Aliquat-336 by volume in xylene (ACS reagent, ≥98.5 % xylene + ethylbenzene basis)
through volumetric dilution. A detailed explanation regarding the concentration of
this organic solution is provided later in this chapter.
Actinide solutions
The radionuclides used in this study were

241

Am (t1/2 =432.7 yrs) and

244

Cm

(t1/2 =18.1 yrs) purchased from Isotope Products Laboratory and 243 Am (t1/2 =7.37×103
yrs) provided by Idaho National Laboratory. For 241 Am and 244 Cm, working solutions
were prepared by volumetric dilutions of the stock solution with 0.01 M HNO3 . Indi100

vidual solutions of ∼100 Bq/mL and ∼2000 Bq/mL for each tracer were prepared and
characterized with LSC. The

243

Am stock solution, ∼10 mg of

243

Am oxide dissolved

in 3.0 mL of 1.0 M HNO3 , was used for the preparation of four EXAFS samples.
Batch studies and k’ measurements
The sorption of Am(III) and Cm(III) on TEVA resin from six different metal nitrate solutions was measured by equilibrating a known amount of tracer in an aqueous
martix with a known amount of TEVA resin. First, 100 mg of TEVA resin was preconditioned with 2.000 mL of the specific metal nitrate solution in a 5 mL centrifuge
tube by mixing on a rotisserie shaker for one hour. Following preconditioning, 0.500
mL of either

241

Am or

244

Cm tracer solution, ∼100 Bq/mL, was added and mixed

with the shaker for another hour to establish equilibrium. Previous studies indicate
fast kinetics for TEVA resin [110], where Th(IV) uptake by TEVA from 2 M HNO3 at
24 ◦ C and 50 ◦ C show equilibrium is reached within 10 minutes. Thus, a mixing time
of one hour for this study was considered sufficient to establish extraction equilibrium. The sample was allowed to sit overnight before the aqueous phase was filtered
using a syringe attached to a 0.45 µm filter. From the filtered solution, a 1.000 mL
aliquot was analyzed with LSC to determine the amount of Am(III) or Cm(III) left
in the aqueous solution. The final solution matrix for each sample was comprised of
the mixture of 2.000 mL of preconditioning solution and 0.500 mL of 0.01 M HNO3 .
The weight distribution ratio, Dw , and the number of free column volumes to
peak maximum, k’, were calculated as summarized in Chapter 4. Replicates of five
experiments were performed at each solution concentration. The errors reported for k’
values were calculated as the standard deviation of the five separate measurements.
The upper limit for k’, as defined in Chapter 5, was never reached for any of the
metal nitrate systems. For the lower limit of k’, all data points of measurable value
were reported where k’≥0.1 since no solution loss studies were performed in order to
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establish an appropriate lower limit.
Solvent extraction and distribution coefficient measurements
The distribution of Am(III) and Cm(III) in two different immiscible liquids was
measured by contacting aqueous salt solutions of Li(I) or Na(I) nitrates ranging in
concentration from 2.00-6.00 M with an organic solution of 3.62 % Aliquat-336 by
volume in xylene. The aqueous phase was the same as for the batch studies, 2.000
mL of specific metal nitrate solution and 0.500 mL of tracer solution, ∼100 Bq/mL.
In order to keep the extractant to metal ion ratio the same as in batch studies, 2.500
mL of the organic solution containing 3.62 % Aliquat-336 had to be used since the
extractant weight loading on TEVA resin was 40 % [110]. Xylene was used as the
organic solvent because SX studies by Horwitz et al. [103] had shown xylene to be an
acceptable diluent for Aliquat-336 due to “the high extractability of americium, high
boiling point and good phase compatibility.”
The two phases were mixed together for an hour with a mixer and then centrifuged
for five minutes at 3500 rpm to achieve a good phase separation. An aliquot of
1.000 mL from each phase was analyzed by LSC. The distribution coefficient, D,
was calculated as outlined in Chapter 4. A total of four separate measurements
were performed at each solution condition. The error for the D value represents the
population deviation of the four measurements. Since the activity of each phase was
determined separately of each other, errors for D were <10 %, even for very low
D values. The region of interest for SX studies was selected in such a way that a
significant number of counts was observed in both phases. Therefore, establishing
limits on upper and lower D values was not necessary.
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Column studies
The general column procedure and data analysis are provided in Chapter 4. Two
different columns conditioned were examined based on the results obtained in batch
experiments: 4.50 M LiNO3 - 0.002 M HNO3 and 1.60 M Al(NO3 )3 - 0.002 M HNO3 .
A column was converted to the elution matrix of interest, Li(I) or Al(III) system, by
rinsing with 10-15 FCVs of the elution solution. Tracer solutions for each actinide
were first converted into the elution matrix of interest and then added to the top
of the column with total volume of 0.500 mL. This was done by mixing 0.100 mL
of either

241

Am or

244

Cm tracer solution of ∼2000 Bq/mL with 0.400 mL of a spe-

cific nitrate salt solution. Immediately following the addition of the tracer, elution
fractions of 1.0 mL were collected to obtain a complete elution profile. After a sufficient number of elution fractions was collected, the column was rinsed with 5.0 mL
of 0.05 M HNO3 to ensure all of the tracer was stripped off the column. Flow rates
as measured under gravity-flow were 0.25 mL min−1 and 0.08 mL min−1 for Li(I) and
Al(III) nitrate systems, respectively. All experimental procedures were performed at
room temperature, 22 ◦ C to 24 ◦ C. The k’ for Am(III) and Cm(III) from elution
curves, Eq. 2.4, and their corresponding separation factors, Eq. 2.5, were determined
as outlined in Chapter 4. Since these actinides were investigated on different columns,
elution fractions were analyzed with LSC for total activity corresponding to one of
the actinides. The elution profile for a given system, the total percent of each actinide
eluted off the column as a function of elution volume/FCV, was obtained with error
bars indicating the counting error associated with each elution fraction.

EXAFS sample preparation and measurement
A total of four different samples were prepared by evaporating 100 µL of

243

Am

stock solution to dryness in 1 mL glass reaction vials, Fig. 35, with the use of a heating
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Figure 35. Solution of Am(III), >0.1 M, in HNO3 during evaporation of stock solution
to dryness.

block placed on top of a hot plate (controlled by a thermocouple inside the heating
block). A very slow stream of nitrogen gas was allowed to flow on top of the reaction
vial to minimize sputtering and contamination (due to recoil from 243 Am alpha decay).
Immediately after the initial liquid evaporated, 0.100 mL of metal nitrate solution of
interest was added to reconstitute the dry

243

Am back into solution. The solutions

of interest were determined from batch results: 4.00 LiNO3 - 0.002 M HNO3 , 4.00
NaNO3 - 0.002 M HNO3 , 2.00 Mg(NO3 )2 - 0.002 M HNO3 , 2.00 Ca(NO3 )2 - 0.002 M
HNO3 . The final solutions were transfered into EXAFS holders, sealed and shipped
to ANL for EXAFS measurements. All work related to sample preparation was performed in an air isolated glove box. Each of the four EXAFS samples contained ∼62
µCi or ∼0.33 mg of

243

Am with a total volume of 100 µL (∼14 mM Am(III)). More

general information on sample preparation and details regarding measurements and
data analysis are provided in Chapter 4.
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Results and Discussion
Batch studies
The Am(III) and Cm(III) extraction behavior on TEVA resin from several nitrate salt systems is shown in Fig. 36-38. Information regarding the highest separation factor for each system is presented in Table 16. All measurements were made
from aqueous salt solutions with 0.002 M HNO3 in order to prevent precipitation of
Am(III)/Cm(III) hydroxide species. In a paper published by Horwitz et al. [102],
Am(III) uptake by Aliquat-336 shows no dependency on HNO3 concentration below
0.01 M from aqueous salt solutions. In the same work, Horwitz et al. suggest an
empirical formula for the extracted trivalent actinide (An) complex from the analysis
of extractant dependency slopes as:
(R3 CH3 N)An(NO3 )4 where (R3 CH3 N) represents Aliquat-336
Results of k’ for the entire KNO3 concentration range (0.008-2.00 M), not shown, are
<0.1 or are slightly above that limit with errors greater than the measured k’.
For all nitrate salt systems, sorption of Am(III) and Cm(III) follow similar trends,
showing an increase in k’ with increasing metal nitrate concentration. However,
Cm(III) extraction is always lower than Am(III) for a given metal nitrate concentration. The separation factors from this study, Table 16, match closely with those
reported from EXC experiments in literature: 2.82 for 4.6 N LiNO3 [104] and 2.5 for
1.2 M Al(NO3 )3 [103]. Additionally, separation factors from Mg(II) and Ca(II) nitrate
systems which have not been previously studied with EXC are comparable to those
from SX experiments: 2.21 for 5.2 M Mg(NO3 )2 and 2.06 for 7.4 M Ca(NO3 )2 [102].
There is no available data in the literature concerning the extraction of these actinides
from NaNO3 . The separation factor from NaNO3 of 2.40 is the second highest only
behind that of Al(NO3 )3 . Lastly, the separation factor from Al(NO3 )3 is higher by
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Figure 36. Characterization of Am(III) and Cm(III) extraction behavior on TEVA
resin from LiNO3 (left) and NaNO3 (right). The k’ values for lower metal nitrate concentrations, down to 0.01 M, are <0.1 (not shown). Data available in the Appendix.

∼7 % and ∼14 % than those reported in literature from EXC [103] and SX [102]
methods, respectively. These variations in the separation factor are not significant
due to minor differences in the method and/or the experimental setup.
Metal ion effect
When the sorption curves as presented in Fig. 36-38 are plotted as a function
of nitrate ion, Fig. 39, measured k’ values are >0.1 for all samples at or above 2.0
N NO−
3 . This indicates that the extractable complexes are not formed below nitrate
106

3

3

10

10

Am
Cm

2

10

Am
Cm

2

10

1

1

10

k’

10

0

0

10

10

-1

-1

10

10

-2

10

-2

-1

10

0

10

1

10

[Mg(NO3)2] - 0.002 [HNO3], M

10

0

10

1

10

[Ca(NO3)2] - 0.002 [HNO3], M

Figure 37. Characterization of Am(III) and Cm(III) extraction behavior on TEVA
resin from Mg(NO3 )2 (left) and Ca(NO3 )2 (right). The k’ values for lower metal
nitrate concentrations, down to 0.01 M, are <0.1 (not shown). Data available in the
Appendix.

concentrations of 2.0 N. Since the extractable complex, (R3 CH3 N)An(NO3 )4 , appears
to be present only in aqueous salt solutions and not in pure mineral acids such as
HNO3 or HCl, Horwitz et al. are extremely careful in mentioning “the possibility of
the formation of mixed nitrate complexes between the Am(III) ion and the cation of
the salting-out agent” [102].
Provided with this extracted complex for Am(III) and Cm(III) from aqueous salt
solutions, results from Fig. 39 show a strong dependency of the complex formation
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Figure 38. Characterization of Am(III) and Cm(III) extraction behavior on TEVA
resin from Al(NO3 )3 . The k’ values for lower metal nitrate concentrations, down to
0.01 M, are <0.1 (not shown). Data available in the Appendix.

not only on the nitrate ion as suggest in literature [102] but also on the metal ion
associated with the nitrate salt. The extraction behavior of either trivalent actinide
shows similarities between two sets of metal ions: Li(I), Mg(II) and Al(III) (Group
A) and Na(I) and Ca(II) (Group B). These results suggest that the metal ions in
Group A are more effective in increasing the extractable complex formation and/or
the extraction equilibrium in comparison to those metal ions in Group B.
In a review paper by Nash [89] covering basic chemistry of trivalent f-elements, he
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Table 16. Summary of the highest separation factor for Am(IIII) and Cm(III) and
their corresponding k’ values from each metal nitrate system, calculated from the
results shown in Fig. 36-38.
Metal Nitrate System
4.50
6.00
3.00
4.00
1.60

M
M
M
M
M

LiNO3 - 0.002 M HNO3
NaNO3 - 0.002 M HNO3
Mg(NO3 )2 - 0.002 M HNO3
Ca(NO3 )2 - 0.002 M HNO3
Al(NO3 )3 - 0.002 M HNO3

SF

k’(Am)

k’(Cm)

2.25±0.19
2.40±0.09
2.04±0.07
2.02±0.06
2.68±0.05

42.3±1.6
11.3±0.2
249±4
52.3±0.9
58.4±0.7

18.8±1.4
4.71±0.17
121±4
25.9±0.7
21.8±0.3

suggests the dehydration of trivalent actinides and the salting-out effect as the major
processes leading to enhanced extraction of these actinides from highly concentrated
aqueous salt solutions. The hydration of metal salts results in a reduction of water
activity and in the net rate of water exchange of the actinide ion. Additionally, this
reduction in water activity allows for other anion in solution, nitrates or chlorides,
to form complexes with trivalent actinides since they do not have to compete with
as much water for the cation. However, there is no conclusive data for a direct explanation of these processes as even the author implies that these are very general
and oversimplified models. Further analysis of parameters such as hydration number
[199]-[205], hydrated ionic radii [206] and unhydrated ionic radii [61] of the metal
ions (Li(I), Na(I), K(I), Mg(II), Ca(II) and Al(III)) only show correlation between
unhydrated ionic radii, Table 17, and the observed data, Fig. 39. This is surprising
since these metals in solution are always hydrated with effective ionic radii corresponding to their hydrated ionic radii. There is also the possibility that interaction
of the metals with the nitrate ions in solution play a significant role in the extracted
complex formation of trivalent actinides. The unhydrated ionic radii for Li(I), Mg(II)
and Al(III) are below 1 Å whereas Na(I) and Ca(II) are above 1 Å. One possible
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Figure 39. Metal ion influence on extraction of Am(III) (left) and Cm(III) (right)
with TEVA resin from nitrate salt solutions, data adopted from Fig. 36-38.

mechanism to explain the observed trends is that the larger cations more effectively
shield the extractable anionic actinide tetranitrate complex from binding to the active sites on the resin. This shielding effect will be more dominant between resin
and mobile phase interaction than between aqueous and organic phase for SX studies
since extractants in the organic phase have a higher degree of freedom in comparison
to those coated on an inert support.
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Table 17. Ionic radii for 8-coordinate alkali and alkaline earth metals and only 6coordinate for Al(III) [61].
Metal Ion

Ionic Radii, Å

Group A
Li(I)
Mg(II)
Al(III)

0.92
0.89
0.535

Group B
Na(I)
Ca(II)

1.18
1.12

Similarities in solvent extraction
In order to ensure that the metal ion effects are not method dependent, SX studies were compared to those from EXC batch studies with TEVA resin. Results for
Am(III) extraction as a function of nitrate ion are show in Fig. 40. The extraction
behavior of Am(III) from Li(I) and Na(I) nitrate systems by Aliquat-336 in SX experiments follows the same trends as observed in EXC studies. Slope analysis of the
results (excluding data at 2 N NO−
3 ) from Fig. 40 indicate a percent change in slope
from EXC to SX for Li and Na nitrate salt systems as 2.0 % and 9.0 %, respectively.
Similar results are observed for Cm(III), not shown. Additionally, comparisons of the
separation factors from both methods, Table 18, show a direct correlation between
extraction chromatography and solvent extraction. These results further reinforce the
notion that extraction behavior from one method can be used to accurately predict
the behavior for the other [25].
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Figure 40. Comparison of results for Am(III) extraction behavior from nitrate salt
systems in EXC batch studies by TEVA resin with results from SX by Aliquat-336.
Data available in the Appendix.

Table 18. Comparison of separation factors (SF) for Am(III)/Cm(III) from EXC and
SX studies with Aliquat-336 extractant.
Nitrate Salt System
4.50 M LiNO3 - 0.002 M HNO3
6.00 M NaNO3 - 0.002 M HNO3
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SFEXC

SFSX

2.25±0.19
2.40±0.09

2.29±0.07
2.71±0.08

EXAFS of Am(III) in metal nitrate solutions
To further explore metal ion effects on the trivalent actinide tetranitrate complex,
EXAFS measurements were performed for Am(III) at 4.00 N NO−
3 in four different
metal nitrate systems: Li(I), Na(I), Mg(II) and Ca(II). This concentration is selected
since extraction behavior of Am(III), Fig. 39, is minimal (k’ is 1-2) for Group B metal
ions, while Group A metal ions show extraction an order of magnitude greater than
Group B. Results from these measurements are presented in Fig. 41 and Table 19.
Input files were generated using the crystallographic structure of a samarium trinitrate
complex [207]. EXAFS data from four different systems (4.00 LiNO3 - 0.002 M HNO3 ,
4.00 NaNO3 - 0.002 M HNO3 , 2.00 Mg(NO3 )2 - 0.002 M HNO3 , 2.00 Ca(NO3 )2 0.002 M HNO3 ) show the same exact speciation for Am(III). The data suggests that
americium is surrounded by 9(2) O(1) atoms 2.47(2) Å, 2(0.5) N atoms at 2.99(3)
Å and 4(1) O(2) atoms at 4.24(4) Å. This can be either a pure dinitrate system or
more likely a mixture of the mono-, di- and tri- nitrates. As mentioned previously,
formation constants for Am(III) nitrate complexes above 1:2 have not been reported.
Although results are not conclusive in eliminating the formation of tri- or tetr-nitrate
complexes, data provides no evidence of the tetranitrate complex. However, this
does not exclude the possibility of Am(III) tetranitrate complex formation. A likely
mechanism for the Am(III) tetranitrate extraction equilibrium can be devised as
follows: equilibrium is established between Am(III) and all possible Am(III) nitrate
complexes (mono-, di-, tri-, tetra-), the tetranitrate is extracted once in contact with
Aliquat-336 pushing the equilibrium towards the products and producing more of the
tetranitrate complex that keeps getting extracted until the extraction equilibrium is
established. Regarding metal ion effects, EXAFS results show no difference in the
speciation of Am(III) nitrate complexes for the different metal nitrate systems but
the technique does not provide any information about the effect of metal ions on the
extraction equilibrium.
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Figure 41. Fourier Transforms of americium(III)-nitrate EXAFS spectra in four different metal nitrate systems, without(top) and with(bottom) k3 -weighted adjustments.
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Table 19. Parameters extracted from americium(III)-nitrate EXAFS measurements.
2

Sample

Scattering

C.N.

R (Å)

σ 2 (Å )

∆E0 (eV)

4.00 LiNO3 0.002 M HNO3

Am-O(1)
Am-N
Am-O(2)
MS: Am-N-O(2)

9.2
1.96
1.96
3.92

2.47
3.01
4.25
4.25

0.0090
0.0099
0.0077
0.0077

6.26
6.26
6.26
6.26

4.00 NaNO3 0.002 M HNO3

Am-O(1)
Am-N
Am-O(2)
MS: Am-N-O(2)

9.1
2.02
2.02
4.04

2.46
3.02
4.27
4.24

0.0083
0.0075
0.0082
0.0082

6.03
6.03
6.03
6.03

2.00 Mg(NO3 )2 0.002 M HNO3

Am-O(1)
Am-N
Am-O(2)
MS: Am-N-O(2)

9.9
2.21
2.21
4.42

2.48
2.95
4.28
4.28

0.0092
0.0150
0.0084
0.0084

7.38
7.38
7.38
7.38

2.00 Ca(NO3 )2 0.002 M HNO3

Am-O(1)
Am-N
Am-O(2)
MS: Am-N-O(2)

10.3
1.97
1.97
3.94

2.46
2.98
4.26
4.26

0.0092
0.0063
0.0048
0.0048

5.14
5.14
5.14
5.14

Trace level column separations
Fig. 42 and 43 show the elution curves for Am(III) and Cm(III) from TEVA
resin with Li(I) and Al(III) nitrate elution matrices, respectively. For both systems,
the

241

Am and

244

Cm activity ratio is 1:1, about ∼200 Bq for each actinide. The

elution matrix for Li(I) and Al(III) nitrates are based on the highest separation factors
obtained from batch studies, Table 16. The main reason for not selecting NaNO3 as an
elution matrix is due to the lower k’ values measured for both actinides in comparison
to the LiNO3 system.
A summary of the elution profiles is provided in Table 20 which includes the
separation factor (SFcolumn ) determined from the FCV at the elution peak maximum
for both actinides. It is not surprising that the results from column studies match
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Figure 42. Elution profile for Am(III) and Cm(III) on TEVA resin with 35 mL of
4.50 M LiNO3 - 0.002 M HNO3 , followed by 5 mL rinse with 0.05 M HNO3 . The
calculated FCV is 0.38 mL (column height of 4.7 cm with total resin load of 200 mg)
resulting in k’ of 15 and 34 for Cm(III) and Am(III), respectively.

extremely well with those from batch studies. However, a better separation factor is
observed for the Al(NO3 )3 system than for LiNO3 in disagreement with results from
similar studies reported in literature.
Since the separation factors determined only from peak maximums do not take
into consideration the width of the elution peaks, it is difficult to predict the actual
separation that can be achieved. If either of these metal nitrate salt systems are used
to separate curium from americium, the optimum conditions would require collection
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Figure 43. Elution profile for Am(III) and Cm(III) on TEVA resin with 25 mL of
1.6 M Al(NO3 )3 - 0.002 M HNO3 , followed by 5 mL rinse with 0.05 M HNO3 . The
calculated FCV is 0.38 mL (column height of 4.7 cm with total resin load of 200 mg)
resulting in k’ of 17 and 42 for Cm(III) and Am(III), respectively.

of the elution volume up to the point where the elution curves cross. Results of one
run through the column for such separation scheme are given in Table 21. The separation factor is calculated from the ratio of the recovery factors (R) of each actinide
in the first portion of the elution volume [208]. This definition for a separation factor,
SF, is closely related to a decontamination factor, DF, where DF=SFn as n represents
the number of individual separation steps. For example, the elution volume of the
first portion would be 12 mL for the results shown in Fig. 43. Separation factor for
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Table 20. Separation factors obtained from column studies in comparison to those
from batch studies and literature work with similar experimental conditions.
Elution Martix
4.50 M LiNO3 - 0.002 M HNO3
1.60 M Al(NO3 )3 - 0.002 M HNO3

SFcolumn

SFbatch

SFcolumn,lit [103]

2.27
2.43

2.25±0.19a
2.68±0.05a

2.7b
2.5c

a From

Table 16
3.5 M LiNO3 - 0.01 M HNO3
c in 1.2 M Al(NO ) - 0.01 M HNO
3 3
3
b in

Table 21. Results for americium and curium separation at the crossing point of their
elution curves.
Elution Martix

Recovery factor (R)
for Cm in the
1st fraction

Recovery factor (R)
for Am in the
1st fraction

SF
RCm /RAm

0.903

0.129

7.00

0.943

0.114

8.26

4.50 M LiNO3
- 0.002 M HNO3
1.60 M Al(NO3 )3
- 0.002 M HNO3

Cm(III) from Am(III) in the Al(NO3 )3 elution system appears to be slightly higher
due to larger recovery and increased purity of the Cm(III) fraction in comparison to
the LiNO3 elution matrix.

Future Work
More extensive research on the extraction of Am(III) and Cm(III) from metal
nitrate systems is necessary, such as experiments with constant nitrate concentration
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with varying metal ion concentration and vice versa. This can provide further details of extraction dependency on metal ion or on nitrates in the presence of various
metals. Further studies utilizing other spectroscopy methods, for example UV-Vis,
are required to expand the knowledge of extraction equilibrium dependency on metal
ions in solution. Additionally, EXAFS measurements on the extracted Am(III) nitrate complex by Aliquat-336 (by examining an aliquot of the organic phase from
solvent extraction experiments) can provide direct information on speciation of the
extracted complex. Lastly, in order to achieve a better separation of these trivalent
actinides, an improved separation method for aluminum nitrate solutions must be established from column studies by increasing column length and/or decreasing elution
flow rate.
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CHAPTER 7
ERBIUM AND THULIUM - SEPARATION WITH CATION EXCHANGE
CHROMATOGRAPHY
In an effort to develop a separation method for neighboring lanthanides for the
purpose of obtaining enough material for target preparation (few milligrams), preliminary studies have focused on the separation of thulium from erbium at the analytical scale prior to scale-up for preparative scale separations. Experiments have
been conducted with stable thulium and erbium to investigate the effects of eluent
composition, temperature and flow rate on the separation of these lanthanides using
an ion chromatography system (IC) equipped with an analytical cation exchange column. Studies were also carried out to explore the reproducibility of the automated
chromatography system, pKa values of the complexing agents used for elution and
the stability of a post-column reagent for detection of the lanthanides using UV-Vis
spectroscopy. Additionally, due to the inability to differentiate individual lanthanides
using a post-column reagent, preliminary studies were performed to establish a purification method of lanthanides from the complexing agents through the use of an
extraction chromatography resin. Results from all these studies are discussed in this
chapter with detailed experimental procedures outlined prior to the presentation of
results.

Experimental
Reagents and lanthanide standards
All chemicals used for the IC system were purchased as the highest purity available
from Sigma-Aldrich: glacial acetic acid (99.99+ %), ammonium hydroxide (>99.99
%), 2-hydroxyisobutyric acid (99 %, α-HIBA), 2-hydroxy-2-methylbutyric acid (98
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%, α-H-α-MBA), 2-hydroxy-3-methylbutyric acid (99 %, α-H-3-MBA), 2-ethyl-2hydroxybutyric acid (99 %, α-E-α-HBA), 2-hydroxy-2-phenylacetic acid (99 %, αH-α-PAA, mandelic acid) and lithium hydroxide monohydrate (>98.0 %). NIST
traceable lanthanides standards (Er and Tm) of 1000 ppm in 5 % HNO3 were purchase from GFS Chemicals. These standards were used for preliminary studies and
whenever necessary diluted with High Purity HNO3 purchased from Seastar Chemicals. The post-column reagent, 4-(2-pyridylazo)resorcinal (PAR), was purchased
directly from Dionex and used as received. Calibration standards of pH 2, 4, 7 and
10 and BDH 1.000±0.005 N HNO3 for titration purposes were purchased from VWR.
Stability of post-column reagent
Prior to any IC measurements, the stability of the post-column reagent, PAR,
was examined with UV-Vis spectroscopy. Dionex TN#23 [143] specifically stated
that PAR can easily be oxidized and it is suggested to be stored under nitrogen or
helium. Although the post-column system was operated under nitrogen gas, the system re-equilibrated to normal atmospheric conditions when it was turned off. Thus,
the stability of this reagent under normal atmospheric conditions was investigated.
Samples containing PAR (0.08 mM) with and without thulium/erbium (200 ppm) and
α-HIBA (22.4 mM) were analyzed over a two week period during which the samples
were stored in air without any special storage conditions. See Chapter 4 for details
on UV-Vis spectroscopy measurements.
IC procedure adopted from Dionex
A description of the IC system, Dionex ICS-3000, equipped with IonPac CS3
4x250 analytical cation exchange column and general operating procedures is provided
Chapter 4. The separation method as outlined in Dionex TN#23 [143] used two
eluents, DI-water and 0.4 M α-HIBA (at pH∼4.6), where each eluent was set to a
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desired percent of the total flow rate using the gradient pump system. This method
was adopted as the initial procedure for the separation of thulium from erbium on the
IC. The 0.4 M α-HIBA solution was prepared by dissolving ∼41.6 g of α-HIBA and
∼14.1 g of LiOH in 18 MΩ DI-water and diluted up to 1 L in a volumetric flask. The
role of LiOH was to adjust the pH in order to ensure the deprotonaion of α-HIBA
which has a low pKa value of 3.70-4.00 [209].
Detection of lanthanides at trace level using UV-Vis spectroscopy was possible
through the use of a post-colun reagent, PAR. Since PAR was introduced after the
column, it did not play any role in the separation of thulium and erbium. As outlined
in the technical note, 0.2 mM PAR was prepared by adding ∼0.05 g of PAR to a
solution containing 214 mL of 29 % ammonium hydroxide and 400 mL of 18 MΩ
DI-water. The PAR was dissolved completely before adding 57 mL of glacial acetic
acid and diluting up to 1 L. For working solutions of lanthanides, 1000 ppm standards
of erbium and thulium were diluted to 10 ppm, 25 ppm, 100 ppm, 250 ppm and 900
ppm solutions using 5 % high purity nitric acid. For preliminary studies, 10 ppm Tm
: 100 ppm Er sample solution was used unless stated otherwise since the mass ratio
from production by irradiation was estimated to be 1 : 27 of thulium : erbium, see
Table 1.
Although Dionex TN#23 [143] suggested to perform the lanthanide group separation using a linear gradient, preliminary studies showed separation of thulium from
erbium to be more efficient with an isocratic elution. In order to determine the effect
of α-HIBA concentration on the separation, measurements were made on the IC by
varying the total flow rate percent of 0.4 M α-HIBA eluent. The concentrations were
varied from 0.048 M (12 %) to 0.08 M (20 %) α-HIBA in 0.004 M (1 %) increments.
These measurements were performed using 10 ppm Tm : 100 ppm Er sample solution at 23 ◦ C with an eluent flow rate of 1.000 mL min−1 and a post-column flow
rate of 0.65 mL min−1 . The post-column flow rate was determined by volumetric
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measurement of the solution collected with PC10 Pneumatic Controller at ∼40 psi.
Higher concentrations of thulium and erbium solution (25 ppm Tm : 250 ppm Er)
were used for measurements at very low α-HIBA concentrations (0.052 M and 0.048
M) where retention times were very long resulting in broader elution peaks. Duplicate
measurements were made at each given solution condition to ensure reproducibility
of the results.
The influence of temperature on the separation resolution was investigated by
measuring thulium and erbium samples of 10 ppm Tm : 100 ppm Er with a 1.000
mL min−1 flow rate of 0.056 M α-HIBA eluent and the same post-column flow rate
as before, 0.65 mL min−1 . Since the temperature control chamber on the IC was
capable of achieving temperatures between 15-40 ◦ C, duplicate measurements were
made from 15 ◦ C up to 40 ◦ C in 2.5 ◦ C increments (±0.2 ◦ C).
To determine the flow rate dependency on the separation of thulium and erbium,
the eluent flow rate was varied from 0.400 mL min−1 up to 1.800 mL min−1 . Above
1.800 mL min−1 , the backpressure at the column was very high (>4000 psi) causing
the tubing connections at the column to fail. Once again, duplicate measurements
were made at each setting with 10 ppm Tm : 100 ppm Er sample solution at 25 ◦ C
using 0.056 M α-HIBA eluent composition and the same post-column flow rate as
before.
Once the optimum conditions with respect to α-HIBA concentration, flow rate
and temperature were determined, studies were carried out in order to ensure the
measurements were accurate and reproducible. Sample solutions of 10 ppm Tm : 100
ppm Er were analyzed with the IC using these optimized conditions: flow rate=1.200
mL min−1 , temperature=25 ◦ C, 0.056 M α-HIBA, post-column flow rate=0.65 mL
min−1 . The temperature control chamber that housed the column was equilibrated at
least 6 hours prior to making any measurements. Ten identical samples were analyzed
over several hours and another ten identical samples few days later.
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Lastly, analytical scale separations were performed using the optimized parameters with two different sets of thulium and erbium solutions: 10 ppm Tm : 100
ppm Er and 100 ppm Tm : 900 ppm Er. Individual thulium and erbium standards
were analyzed along with the mixed samples in order to determine recovery yields.
Triplicate measurements were made for the two different sample solutions.
Tm/Er separation dependency on eluent composition with different complexants
As discussed in literature review, see Chapter 3, α-HIBA has been the primary
source of complexant for lanthanide separations in cation exchange chromatography.
In addition to α-HIBA, four other 2-hydroxycarboxylic acid were investigated as elution systems for separation of thulium from erbium. All these complexants and their
corresponding pKa values are presented in Fig. 44. Provided with the optimal concentration of α-HIBA as 0.056 M, it was taken as the starting point for pH dependency
studies with the other complexants.
A solution of 0.056 M α-HIBA was prepared by dissolving 5.826 g of α- HIBA
in volumetric flask up to 1 L with DI-water. Using a volumetric cylinder, a 250 mL
sample was removed of which 15 mL was set aside for a pH measurement. The rest
of the solution, 235 mL, was used as a single eluent with the gradient pump system
on the IC to perform separations on mixed thulium and erbium samples (10 ppm Tm
: 100 ppm Er) with other operating conditions as established from initial studies,
see previous section. Following each measurement, the remaining 750 mL of 0.056 M
α-HIBA was diluted back to 1 L by adding 250 mL of 0.056 M α-HIBA and enough
LiOH·H2 O to increase the pH in small increments (between 0.1-0.2). From the new
stock solution, another 250 mL aliquot was removed of which 15 mL was set aside
again for pH measurement and the rest used for IC separations. The column was
rinsed with DI-water for at least 30 minutes and equilibrated with the new elution
solution for 20 minutes in between different pH measurements. Whenever these lan-
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Figure 44. Different carboxylic acids used as complexants: 2-hydroxyisobutyric acid
(pKa of 3.70-4.00, top left), 2-hydroxy-2-methylbutyric acid (pKa of 3.70-3.73, top
right), 2-hydroxy-3-methylbutyric acid (pKa of 3.87-3.89, middle left), 2-ethyl-2hydroxybutyric acid (pKa of 3.58-3.64, middle right) and 2-hydroxy-2-phenylacetic
acid (pKa of 3.10-3.35, bottom). All pKa values adopted from [209].

thanides were not eluted off the column within 45 minutes of elution time, a higher
concentration of α-HIBA was used to strip them off, followed by a rinse with DI-water
for 30 minutes before performing another measurement. The eluate was monitored
during the column rinse procedure to ensure that the lathanides were completely
stripped off the column. The pH of the stock solution was continuously increased
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in small increments until the elution peaks started overlapping (∼6 minute retention
time for Er) or the equivalence point was reached with respect to deprotonation of
the total amount of α-HIBA in the system. The same procedure was used to obtain
pH dependency results for the other carboxylic acids as mentioned previously, see
Fig. 44. For these systems, 0.056 M carboxylic acid concentration was used as the
starting point and LiOH·H2 O as the base for making pH adjustments. Triplicate
measurements were made at each individual pH.
In addition to varying the pH, IC separation measurements were made by holding
the pH constant and varying the concentration of the complexant. This study was
performed only for α-HIBA. Once again, the starting concentration of α-HIBA was
0.056 M at pH=4.63 where the pH was held close to 4.63±0.01 and the α-HIBA
concentration was varied from 0.056 M up to 0.060 M. Triplicate measurements were
made for each elution system.
In order to calculate the concentration of conjugate base for each carboxylic acid at
different pH, a single value for the pKa had to be established. Available data from the
literature [209] on the pKa values for these acids, Fig. 44, show small variations due
to different matrices used for ionic strength corrections. For example, the reported
pKa values for α-HIBA range from 3.70 up to 4.00. To quickly assess the pKa for
the α-hydroxycarboxylic acids used in this experiment, titrations with 1.000±0.005 N
HNO3 were performed on individual solutions containing 0.08 M α-hydroxycarboxylic
acid in DI-water and pH adjusted to 11 with LiOH·H2 O. Due to the results obtained
from pH dependency studies with different complexants, pKa measurements were
only made for α-HIBA and α-H-α-MBA. Information on data analysis of the pKa
measurements is provided in Chapter 4.
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Figure 45. Example of thulium and erbium separation chromatogram obtained from
IC measurements where indicated peak widths represent values used for calculating
the peak resolution, see Eq. 4.4.

Data analysis of IC measurements
All results obtained from the IC measurements were analyzed as discussed in
Chapter 4. Peak resolution (also referred to as separation resolution) was determined
as outlined in Eq. 4.4. The parameters for this equation were obtained from individual chromatograms, see example in Fig. 45, of IC measurements. The main goal
of this project was the separation of the heavier lanthanide with the highest purity
and recovery, therefore, peak resolution was redefined as shown in Eq. 4.4. Although
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different from the peak resolution defined in traditional IC, see Table 3, similar adjustments to resolution have been made previously to account for non-Gaussian elution
peaks [137]. Since the purity of the thulium fraction is critical to the separation
procedure, resolution was calculated using the left (Er peak) and full peak widths
(Tm peak) at 10 % and 5 % to take into account the trailing edge of the thulium
fraction into the leading edge of the erbium fraction. The erbium right peak width
was ignored completely because it did not influence the purity or recovery of the
thulium fraction. Results presented in the chapter include error bars corresponding
to the population deviation from triplicate measurements. For those studies where
only duplicate measurements were made, only one set of values is presented. The
second set of measurement was run as a check to ensure trends from the first set were
reproducible.
Method for purification of elution fractions
A method for purification of lanthanides from complexants was developed using
TRU resin, see Chapter 5 for more details on TRU, where the extraction of lanthanides increases with increasing HNO3 concentration. In order to mimic an elution
fraction collected by a fraction collector from IC separations, first a stock solution of
0.056 M α-HIBA containing 10 ppp Tm : 10 ppm Er with pH adjusted to ∼4.6 with
LiOH·H2 O was prepared. From this stock, 5 mL aliquots were evaporated to dryness
(white crystalline residue remained from α-HIBA) in 20 mL glass LSC vials by using
a heating block on a hot plate at around 95 ◦ C. The dry residue was reconstituted
in 2 mL of HNO3 at three different acid concentrations: 1.00 M, 4.00 M and 7.00 M.
Five replicate measurements were performed for each acid concentration. A vacuum
box equipped with a pump (purchased from Eichrom) was used with a total of 15
packed 2 mL columns of TRU resin (∼0.55 g per, ρ=1.12 g mL−1 , FCV≈1.5 mL).
The columns were first rinsed with 5 mL of specific HNO3 solution corresponding to
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the concentration of the load solutions. After the rinse, 2 mL of HNO3 solution from
the previous evaporation step containing the lanthanides was added to the individual
columns and rinsed again with 5 mL of the same HNO3 solution as before to strip
the complexants off while lanthanide remained on the column. The eluates up to this
point were discarded before collecting a 5 mL rinse fraction with 0.01 M HNO3 from
each column containing the lanthanides of interest since they were not retained on the
column [112] at low acid concentrations. The 5 mL eluates from all 15 samples were
evaporated to dryness again and reconstituted in 5 mL of 5 % HNO3 for ICP-AES
measurements. Small aliquots (few drops) from each sample were used for qualitative
analysis using IR spectroscopy. IR spectra from samples were compared to α-HIBA
standards. Sample solutions for the ICP-AES measurements were prepared by diluting exactly 4.000 mL of the eluate containing thulium and erbium to 8.000 mL with
5 % HNO3 . Since even at 100 % recovery only 5 ppm thulium and/or erbium would
have been observed, the ICP-AES was calibrated for 0.01-5 ppm range of both lanthanides. Blank samples of 5 % HNO3 as well as standards of 5 ppm Tm : 5 ppm Er
along with the unknown samples were analyzed with ICP-AES for thulium (λ=313.1
nm) and erbium (λ=337.2 nm) content. Results from this experiment are presented
with error bars indicating population deviation of five separate measurements. More
details on IR and ICP-AES measurements are provided in Chapter 4.

Results and Discussion
Stability of PAR
The post-column reagent, Fig. 46, forms a 1:2 PAR:lanthanide complex with a very
high formation constant [210]. Therefore it replaces other chelating ligands, such as
those used for elution purposes (α-HIBA), that maybe be bound to the lanthanides.
For IC measurements, PAR is introduced into the system after the column, as a
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Figure 46. The post-column reagent: 4-(2-pyridylazo)resorcinol monosodium salt
(PAR).

post-column reagent. Once lanthanide PAR complexes are formed in solution, yellow
color of PAR without lanthanides, turns red/orange. UV-Vis spectra of PAR with
and without lanthanides, Fig. 47, clearly show the absorbance band resulting from
PAR:lanthanide complex formation. This allows for the detection of lanthanides by
analysis of the absorbance at 510 nm in comparison to the characteristic absorbance
of PAR at 413 nm. One of the major drawbacks of using a post-column reagent
such as PAR is its inability to distinguish between different lanthanides. The 510
nm absorbance band is characteristic of the PAR and independent of the specific
metal it complexes with. This is the primary reason for developing a method to
analyze elution fractions with the ICP-AES in order to identify individual lanthanide
concentrations, as discussed later in this chapter.
Using these characteristic absorbance bands for PAR and PAR:lanthanide complexes, the stability of PAR was investigated by monitoring the absorbance as a
function of time. Results from stability studies, Fig. 48, show no significant decrease
in the observed signals over a two week period during which samples were left in
the cuvettes under normal atmospheric conditions. The small decrease in absorbance
after the first day is primary due to some minor precipitation of lanthanide hydroxide
in the samples. Additionally, data indicates a slight increase in PAR concentration
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Figure 47. UV-Vis spectra of PAR with and without thulium/erbium.

for the PAR only sample which is most likely a result of the loss of a small amount
of solution from evaporation. Since the initial absorbance of that sample was 3 (absorbance of 99.9 % of initial light intensity, see Eq. 4.3) slight changes in solution
volume cause significant differences in the measured absorbance values. Results show
that stability of PAR is adequate for IC measurements using the same post-column
reagent solution over a two week period without any noticeable degradation of the
PAR:lanthanide absorbance signal.
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Figure 48. Stability of PAR over two week period with and without lanthanides, data
available in the Appendix.

Optimizing IC parameters for Th/Er separation
Initial studies related to the thulium separation from erbium with cation exchange
column using IC were focused on optimizing operating parameters such as eluent composition (using two eluent system), flow rate and temperature for procedures adopted
from Dionex TN#23 [143]. These parameters were optimized for peak resolution,
Rs , and adjusted retention times, t"R , were kept as low as possible to reduce thulium
elution fraction and analysis time. Results from eluent composition dependency, temperature dependency and flow rate dependency on these factors are presented in Fig.
49-51. Reproducibility studies for Rs and t"R in two different day are presented in Fig.
52.
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Figure 49. Effect of α-HIBA on peak resolution, Rs , for peak widths (PW) at 10 % and
5 % and on adjusted retention time, t"R , for erbium and thulium. Operating conditions:
10 ppm Tm : 100 ppm Er, eluent flow rate=1.000 mL min−1 , temperature=23 ◦ C,
PAR flow rate=0.65 mL min−1 . Data available in the Appendix.
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Figure 50. Temperature dependency on peak resolution, Rs , for peak widths (PW) at
10 % and 5 % and on adjusted retention time, t"R , for erbium and thulium. Operating
conditions: 10 ppm Tm : 100 ppm Er, eluent flow rate=1.000 mL min−1 , 0.056 M
α-HIBA, PAR flow rate=0.65 mL min−1 . Data available in the Appendix.
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Figure 51. Flow rate dependency on peak resolution, Rs , for peak widths (PW) at 10
% and 5 % and on adjusted retention time, t"R , for erbium and thulium. Operating
conditions: 10 ppm Tm : 100 ppm Er, temperature=25 ◦ C, 0.056 M α-HIBA, PAR
flow rate=0.65 mL min−1 . Data available in the Appendix.
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Figure 52. Reproducibility of peak resolution, Rs , for peak widths (PW) at 10 % and
5 % and adjusted retention time, t"R , for erbium and thulium. Optimum operating
conditions: 10 ppm Tm : 100 ppm Er sample, eluent flow rate=1.200 mL min−1 ,
temperature=25 ◦ C, 0.056 M α-HIBA, PAR flow rate=0.65 mL min−1 . Data available
in the Appendix.
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Eluent dependency results are exactly as expected. Decreasing α-HIBA concentration results in linear improvement of Rs with exponentially increasing of t"R . This
occurs because trivalent lanthanide ions interact with α-HIBA to form a positive
complex with a single charge or a neutral complex which lowers the affinity of lanthanides to the cation exchange resin. The heavier lanthanides tend to form stronger
complexes with α-HIBA in comparison to the lighter ones, as discussed in Chapter 3,
and therefore, spend less time interating with the stationary phase [150]. Although
separation appears to improve at lower α-HIBA concentrations, it results in longer
retention times and wider elution bands. Since the goal is to minimize the thulium
elution fraction (<4 mL) and maximize peak resolution, 0.056 M α-HIBA is selected
as the ideal eluent concentration leading to t"R of ∼7.5 min and ∼12 min for thulium
and erbium, respectively. A similar analysis was performed with temperature and
flow rate dependency studies. An ideal temperature of 25 ◦ C is selected along with
elution flow rate of 1.200 mL min−1 and PAR flow rate of 0.65 mL min−1 .
Once these parameters were established, measurements were performed to test for
reproducibility of the results. Results indicate excellent reproducibility for Rs and t"R .
From 10 different measurements, Rs values at 10 % and 5 % peak widths have random
fluctuations of <5 % from average and t"R fluctuations also appear to be random with
<3 % deviation from average.
Lastly, under these optimum conditions, separation was carried out for two different samples with varying lanthanide concentrations, 10 ppm Tm : 100 ppm Er
and 100 ppm Tm : 900 ppm Er. Results from this work are presented in Table 22.
Resolution measurements match closely with those reported in literature [148]. As
expected, resolution and recovery yield of thulium decreases with increasing concentration of both lanthanides. At lower concentrations, thulium is completely separated
from erbium but at higher concentrations almost 9 % of thulium overlapped with erbium. This loss in the thulium recovery is a result of an increase in the thulium
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Table 22. Separation of thulium from erbium in two different samples of varying
lanthanide concentrations.
Tm : Er (ppm)

Rs (PW %)

Recovery Yield (%)

10 : 100

1.84±0.07 (10 %)
1.53±0.06 (5 %)

Tm: 101.4±1.2
Er: 99.5±0.2

100 : 900

1.49±0.09 (10 %)
1.19±0.07 (5 %)

Tm: 91.3±0.6
Er: 101.8±1.0

elution peak width from the larger mass loading, Fig. 53. The purity of the thulium
fraction could not be determined due to the inability of PAR to distinguish between
different lanthanides, as discussed earlier in this chapter.
Purification of elution fraction
In order establish a method for analyzing elution fractions for individual lanthanides, a procedure was established for separating the complexing agent, α-HIBA,
from the lanthanides prior to the ICP-AES measurements. Although samples with
α-HIBA can be analyzed with the ICP-AES, a set of calibration standards with the
correct α-HIBA concentration is required for each individual sample since the suppression of the emission signal varies with the organic content in solution. Purified
lanthanide samples are analyzed with IR spectroscopy to qualitatively asses the presence of α-HIBA, Fig. 54. Results from ICP-AES measurements are presented in Table
23.
IR spectra of purified samples in 5 % HNO3 from three different systems show the
same spectra as for blank 5 % HNO3 [211]. In comparison to the α-HIBA standard
in 5 % HNO3 , there is a small peak around ∼1150 cm−1 that corresponds to a -C-O
stretch of α-HIBA. A more characteristic peak from α-HIBA IR spectra [212], a -C=O
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Figure 53. Comparison of the thulium elution peaks for two different mass loadings.

Table 23. Summary of recovery yields for lanthanides in purification from complexing
agent, α-HIBA.
HNO3 System

Er Recovery Yield (%)

Tm Recovery Yield (%)

1M
4M
7M

45.9±2.4
71.9±2.4
88.8±2.5

33.4±2.2
62.8±2.0
83.2±2.7
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Figure 54. IR spectra of purified lanthanide samples in comparison to α-HIBA standard and HNO3 blank.

stretch from carbonyl around 1700 cm−1 , is overlapped by a -N=O stretch at ∼1600
cm−1 from HNO3 . Results show no indication of α-HIBA in the purified lanthanide
samples. Additionally, when the samples were evaporated to dryness for the last time
prior to dissolving in 5 % HNO3 , there was no remaining white crystalline material
characteristic of α-HIBA. However, the organic content was not quantified after purification. Recovery yields from ICP-AES measurements increase with increasing acid
concentration of the column load solution with maximum yields obtained at 7.00 M
HNO3 , 88.8±2.5 % for erbium and 83.2±2.7 for thulium.
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Different complexants and pH dependency
To better understand the results from the elution with different complexants and
their corresponding solution pH dependency on Rs and t"R , pKa measurements were
made for two α-hydroxycarboxylic acids: α-HIBA and α-H-α-MBA. Results are summarized in Table 24 with the range of literature values provided for comparison. Due
to the nature of these measurements, uncertainty values represent pH of the two closest measurements when pH=pKa . There is a good correlation between the estimated
pKa values from these measurements with those reported in published literature. It
is important to note that experiments for pKa measurements did not account for
ionic strength corrections or CO2 /HCO−
3 /H2 CO3 content, therefore, they should only
be considered as estimated values for the true pKa of these two α-hydroxycarboxylic
acids.

Table 24. Estimated values of pKa for two α-hydroxycarboxylic acids.
Acid

Measured pKa

Range of pKa [209]

α-HIBA
α-H-α-MBA

3.86±0.03
3.84±0.04

3.70-4.00
3.70-3.73

From five different α-hydroxycarboxylic acids investigated as complexants for elution of thulium and erbium, only α-HIBA and α-H-α-MBA were able to elute these
lanthanides off the cation exchange column within 45 minutes of elution using operating parameters as established from previous studies. Results from the pH dependency at constant α-HIBA concentration and α-HIBA concentration dependency at
constant pH on Rs and t"R are presented in Fig. 55 as a function of conjugate base
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Figure 55. Dependency of pH at constant [α-HIBA] (0.056 M) and of [α-HIBA] at
constant pH (4.63) on peak resolution, Rs , for peak widths (PW) at 10 % and 5 %
and on adjusted retention time, t"R , for erbium and thulium represented as a function
of conjugate base concentration. Data available in the Appendix.

142

3.5

PW 10%
PW 5%

3

Rs

2.5
2

1.5
1
0.03

0.035

0.04

0.045

-

0.05

0.055

0.06

[!-H-!-MB ] (M)
40

Er
Tm

t’R (min)

30

20

10

0.03

0.035

0.04

0.045

-

0.05

0.055

0.06

[!-H-!-MB ] (M)
Figure 56. Dependency of pH at constant [α-H-α-MBA] (0.056 M) on peak resolution,
Rs , for peak widths (PW) at 10 % and 5 % and on adjusted retention time, t"R , for
erbium and thulium represented as a function of conjugate base concentration. Data
available in the Appendix.
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concentration, α-HIB− . This is calculated from the Henderson-Hasselbalch equation,
Eq. 4.7, using measured pKa values as summarized in Table 24. The elution results
from this study are similar to those obtained in previous experiments with a two eluent system, DI-water and 0.4 M α-HIBA. However, in the previous experiments, both
α-HIBA and pH were being varied simultaneously so it became difficult to understand
which factor effects the elution, see Fig. 49. Almost all published literature work on
lanthanides separations with IC, see Chapter 3, state that the pH of an elution system
is considered to be the major factor influencing the separation of lanthanides. The
results of Fig. 55 clearly indicate that Rs and t"R are only dependent on the conjugate
base concentration of the complexant. This is not surprising at all since the elution
process is due to the formation of lanthanide complexes with the conjugate base, in
this case α-HIB− . Therefore, the elution is not only dependent on the pH, but it is
the resulting conjugate base concentration from pH of the solution containing a given
amount of complexant that determines the elution parameters, Rs and t"R . These
results show an increase in Rs with decreasing α-HIB− concentration where the increasing rate is not linear. There appears to be a plateau around 0.045 M α-HIB− but
this behavior is not present in the measured t"R plot. The t"R follows an exponential
decrease with increasing α-HIB− concentration which is expected. Independent of pH
dependency at constant α-HIBA concentration or α-HIBA concentration dependency
at constant pH, both elution parameters Rs and t"R show complete overlap when plotted as a function of α-HIB− . Thus, complexant concentration and pH adjustments
can be made accordingly to accomplish desired Rs and t"R .
A similar study was performed for the α-H-α-MBA elution system but only the
pH dependency at constant α-H-α-MBA concentration was measured, Fig. 56. It
is assumed that the same conjugate base behavior as observed for α-HIBA system
applies to this acid. Both Rs and t"R trends follow closely with those obtained from αHIBA elution. For comparison purposes, Rs at peak width of 10 % and t"R of thulium
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Figure 57. Comparison of peak resolution, Rs , at peak width 10 % and adjusted
retention time, t"R , for thulium as a function of conjugate base concentration in two
different α-hydroxycarboxylic acid elution system: α-HIBA and α-H-α-MBA. Data
adopted from Fig. 55 and 56.
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from each acid system are provided in Fig. 57 as a function of their corresponding
conjugate base concentration. Results suggest lower Rs for α-H-α-MBA at a given
conjugate base concentration in comparison to α-HIBA although t"R behavior is reversed. Even though one system exhibits higher t"R in comparison to the other, it
still has lower Rs which is unexpected provided that in one given elution system, Rs
increases with increasing t"R . Looking back at the definition for Rs , Eq. 4.4, it can be
assumed that the peak widths from α-H-α-MBA are wider than for α-HIBA which
is exactly as observed in the raw data, Fig. 58. This can be used to conclude that
the α-H-α-MBA elution system is far less suitable for thulium/erbium separation in
comparison to α-HIBA. Results of similar studies in literature are not as complete.
A paper by Schwantes et al. [148] only provides results for pH vs. α-HIBA but does
not including any data for α-H-α-MBA. In other publications, comparison between
these two acids are made at constant pH [138] showing α-H-α-MBA to be almost as
good for separation of heavier lanthanides as α-HIBA. In another work [154], α-H-αMBA is shown to be extremely poor for heavier lanthanides separation in comparison
to α-HIBA. However, both works show that α-H-α-MBA is better for separation of
neighboring lighter lanthanides (up to cerium). The work by Raut et al. [154] also includes data for a comparison of retention times with varying pH where general trends
are comparable to those presented in this chapter but only include retention times
for lanthanum, neodymium, gadolinium and lutetium.
Experiments with three other α-hydroxycarboxylic acids, Fig. 44, resulted in no
elution of lanthanides even though their formation constants are comparable to αHIBA and α-H-α-MBA, see Table 25. These formation constants for 1:1 (logβ1 ),
1:2 (logβ2 ) and 1:3 (logβ3 ) complexes between lanthanides and conjugate base of
the α-hydroxycarboxylic acids are adopted from IUPAC report [209] published in
2003 with no data available for α-H-3-MBA. The reason for no observed elution of
lanthanides with three of these acids is likely due to steric hinderance of the extra
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Figure 58. Comparison of thulium peak width at 10 % as a function of conjugate base
concentration in two different α-hydroxycarboxylic acid elution system: α-HIBA and
α-H-α-MBA. Data available in the Appendix.

Table 25. Formation constants (as defined by IUPAC [193]) of erbium and thulium
complexes with four different α-hydroxycarboxylic acids, data adopted from [209].
Er
Acid
α-HIBA
α-H-α-MBA
α-E-α-HBA
α-H-α-PAA

logβ1

logβ2

3.01-3.07
3.32
3.11
2.68-3.15

5.54-5.70
6.05
5.27
5.41

Tm
logβ3

logβ1

7.56-7.80 3.05-3.13
8.03
3.37
6.60
2.71-3.20
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logβ2

logβ3

5.15-5.79
6.13
5.56

7.71-7.84
8.05
-

methyl/ethyl/phenyl group that prevent complexation with lanthanides which are
themselves bound to activity sites on the cation exchange column.

Future Work
Due to the scale of this project, immediate plans include the use of a fraction
collector (AFC-3000 Automated Fraction Collector) to perform an online separation
followed by the purification of the collected fractions for analysis of thulium fraction
purity. Additionally, experiments are underway to expand temperature dependency
studies up to 100 ◦ C from 40 ◦ C as presented in this chapter. A larger column (IonPac
CS3 22x250 mm) has been obtained for scale up experiments in comparison to 4x250
mm column used for preliminary work which will provide ∼30 times increase with
regards to capacity of the column. Additionally, larger sample loops (0.100 mL and
0.500 mL) have been obtained to investigate different sample loadings with the larger
column. Particular attention will be given to the loading capacity of the column used
to be able to scale analytical techniques up to preparative scale.
In addition to IC separations, high-performance liquid chromatography (HPLC)
methods will be explored for the suitability of reversed-phase ion pair chromatography
for separation of large amounts of lanthanides. Furthermore, these studies will focus
on partitioning of lanthanides using different types of non-polar materials as reversephase column. Similar to IC experiments, the influence of temperature and flow rate
on the separation using different eluent-column combinations will be investigated.
There is a lot of work still needed to accomplish the major goal of this research,
cross section measurements of
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Pm and

171

Tm. But once a suitable separation

method has been identified for obtaining target material of these lanthanides, the
procedure will be tested with small amounts of radioactive material. Finally, this
technique will be implemented for separating the products of reactor irradiated sam-
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ples to yield the starting material for target preparation.
Once the lanthanide isotopes of interest have been separated from their stable
neighbors, electrodeposited targets for neutron capture experiments need to be prepared with high plating efficiency and homogenous material deposition. Thus, plans
are to perform detailed studies to investigate the influence of voltage and current on
the quality of lanthanide deposition. Also, the homogeneity and surface properties of
the prepared targets will be studied using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray fluorescence (XRF) and autoradiography
techniques.
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CHAPTER 8
CONCLUSIONS

Americium and Curium Separations
To assist in

241

Am neutron capture cross section and isomeric ratio measurement

of 242m Am/242g Am, attempts were made to establish an efficient separation of curium
from americium. In this work, several commercially available extraction chromatography resins were characterized to include the extraction behavior of Am(III) and/or
Cm(III) in an attempt to find a new method for separation. The resins characterized were TEVA, TRU, DGA(N), Ac, Ln, Ln2 and Ln3 manufactured by Eichrom
Technologies Inc. for nitric acid (0.01-9.85 M HNO3 ) and hydrochloric acid (0.01-6.16
M HCl) matrices. Two of those resins, TRU and DGA(N), were also characterized
for hydrobromic acid (0.01-6.67 M HBr) system. A summary of resins characterized
in this work along with the availability of data for each specific resin from literature
is provided in Table 26. For observed regions showing large difference in extraction
behavior between these actinides, 1.00 M HNO3 with TRU and 0.05 M HO3 with
DGA(N), column studies were carried out in an attempt to separate them. Separation factor of 1.56 and 1.45 were obtained for TRU and DGA(N), respectively.
Additionally, different metal nitrate salt systems were investigated for the separation of curium from americium. Using TEVA resin which contains Aliquat-336 as
an extractant, a series of experiments was performed to characterize the extraction
behavior of these elements from nitrate solutions of Li(I), Na(I), K(I), Mg(II), Ca(II)
and Al(III). The metal ion dependency on actinide extraction was further examined
by comparing the results of extraction chromatography to solvent extraction where
a similar effect of the metal ion was observed. EXAFS measurements were also performed for Am(III) in different metal nitrate solutions to better understand the metal

150

Table 26. Results from this work (New) and those available from literature on Am(III)
and Cm(III) extraction behavior for different resins.
Am(III)
Resin
TEVA
TRU
DGA(N)
Ac
Ln
Ln2
Ln3

HNO3

HCl

New,[110] New,[110]
New,[111] New,[111]
New,[113] New,[113]
New
New,[116]
New,[117]
New
New,[117]
New
New,[117]
New

Cm(III)
HBr

HNO3

HCl

HBr

New
New
-

New
New
New
New
New,[198]
New
New

New
New
New
New
New
New
New

New
New
-

ion effect on the speciation of Am(IIII) nitrato complexes in the presence of these
metal ions. Results showed no difference in speciation for the different metal ion solutions. Column studies with 4.50 M LiNO3 and 1.60 M Al(NO3 )3 as elution matrices
resulted in separation factors of 2.27 and 2.43, respectively.
The best method for separation of Cm(III) from Am(III) as investigated in this
work was achieved using Al(NO3 )3 as an elution matrix with TEVA resin in an extraction chromatography column procedure. Since the primary goal of this work was
to establish an efficient separation method for these actinides with a separation factor of at least 106 , this method can be used to achieve such a high separation. A
summary of the separation with respect to the recovery yields of curium/americium
and the separation factor as defined in literature [208] is provided in Table 27.
These results clearly show that a very high separation can not be achieved in
one run through the column. However, improved parameters with respect to longer
column length and/or slower flow rate can provide an enhanced separation of these
trivalent actinides with the Al(NO3 )3 elution system. Thus, further studies are needed
to improve the separation in order to achieve a separation factor (decontamination
151

Table 27. Separation of Cm(III) from Am(III) for the 1.60 M Al(NO3 )3 elution system
using TEVA resin for different elution fractions (up to 12 mL in 1 mL increments),
see Fig. 43 for the complete elution profile. Results are shown for a single column
separation and also for the number of separations needed to achieve a separation
factor of at least 106 represented as a decontamination factor (DF=SFn where n is
the number of stages with a separation factor of SF).
Single column separation
Total
Cm(III)/Am(III) Separation
elution volume
recovery
factor
(mL)
yields (%)
(RCm /RAm )
1
2
3
4
5
6
7
8
9
10
11
12

0.01/0.01
0.04/0.01
0.68/0.02
4.21/0.03
13.1/0.09
27.1/0.22
44.9/0.61
61.6/1.37
74.9/2.67
84.5/4.73
90.7/7.59
94.3/11.4

1.00
4.02
35.2
147
151
122
73.2
44.9
28.1
17.9
11.9
8.26

# of stages
to achieve
DF>106
2045
10
4
3
3
3
4
4
5
5
6
7

factor) of >106 in two or three separation steps and an overall higher recovery for
Am(III) and Cm(III). Additionally, detail studies on Am(III) and Cm(III) extraction
from metal nitrate systems, such as experiments with constant nitrate concentration
with varying metal ion content and vice versa, are necessary to assist in establishing the best separation procedure. Lastly, more spectroscopy studies are required
to expand the knowledge on the speciation of Am(III) and Cm(III) in the presence
of specific metal ions in solution. This can provide more information regarding the
metal ion dependency on the extraction behavior of these actinides and further assist
in establishing a more efficient separation method.
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Erbium and Thulium Separations
For separations related to obtaining target material for neutron capture cross
section measurements on

147

Pm and

171

Tm, preliminary studies were carried out to

separate the neighboring lanthanides Tm and Er. Experiments were performed using
an automated ion chromatography system equipped with a cation exchange column
for the separation of these lanthanides using a complexant, α-HIBA. First, a procedure
adopted from the literature, Dionex TN#23 [143], was optimized for the separation of
trace amounts with respect to eluent composition, temperature and flow rate. Once
these parameters were determined, separations were performed for two different mass
loadings, 10 ppm Tm : 100 ppm Er and 100 ppm Tm : 900 ppm Er.
Due to limitations for the detection of individual lanthanides with a post-column
reagent, a procedure was established for the separation of lanthanides from the complexant by purification with an extraction chromatography resin, TRU. This allowed for the analysis of individual lanthanide content using atomic emission spectroscopy. Additionally, detail studies were performed for pH dependency and different
α-hydroxycarboxylic acid concentration dependency on peak resolution and adjusted
retention time. Results showed the separation to be dependent only on the conjugate
base concentration and not on pH or complexant concentration directly. From five
different complexants examined, only two, α-HIBA and α-H-α-MBA, were able to
elute Tm/Er off a cation exchange column. From these two complexants, α-HIBA
was better suited for the separation of the Tm/Er pair with respect to the peak
resolution, due to smaller elution peak widths with faster elution times.
Since this project is in the preliminary stages, a large number of experiments are
still necessary to establish the optimum conditions for the separation of neighboring
lanthanides on a preparative scale with a purity of 99 % for the heavier lanthanide.
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Studies need to be performed to examine the use of a fraction collector for analysis of
the thulium fraction purity using the method established in this work. Because most
of the initial work presented here was performed at the analytical scale, experiments
need to be conducted to investigate the effects of scale up using a larger column and
different sample introduction volumes. Careful analysis of the separation parameters
is necessary with respect to the loading capacity of the column during scale up studies
to a preparative scale separation.
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APPENDIX
SUPPLEMENTAL DATA

C++ Script for LSC Data Re-analysis
#include <iostream>
#include <cctype>
#include <cmath>
#include <iomanip>
#include <fstream>
using namespace std;
double countspermin(int, int, double, int[]);
double countserror(int, int, double, int[]);
int main()
{
int sample; //sample number
double ctime; //count time in minutes
int lowerA, upperA, lowerB, upperB, lowerC, upperC; //regions of interest
string search; //used to search for certain strings
int counts[4000]; //total channels with counts
ifstream infile; //input filename
ofstream outfile; //output filename
string infilename, outfilename; //specific names for input and output files
double cpmA, cpmB, cpmC; //counts per minute for each region
double errorA, errorB, errorC; //counting error for each region
cout <<“Please enter limits for region A, B and C (requires 6 integer values):”
<< endl;
cin >> lowerA >> upperA >> lowerB >> upperB >> lowerC >> upperC;
cout <<“Please enter file name containing data from LSC:” << endl;
cin >> infilename;
outfilename=“Results ”;
outfilename=outfilename+infilename;
infile.open(infilename.c str());
outfile.open(outfilename.c str());
outfile << fixed << showpoint << setprecision(3);
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outfile << setw(15) << “Sample Number” << setw(15)
<< “Count Time” << setw(10) << “CPM A” << setw(10) << “Error A”
<< setw(10) << “CPM B” << setw(10) << “Error B”
<< setw(10) << “CPM C” << setw(10) << “Error C” << endl;
infile >> search;
while(!infile.eof())
{
while(search!=“Number”)
infile >> search;
infile >> sample;
infile.ignore(100,’=’);
infile >> ctime;
while(search!=“COUNTS”)
infile >> search;
for(int i=0; i<4000; i++)
infile >> counts[i];
cpmA=countspermin(lowerA, upperA, ctime, counts);
errorA=countserror(lowerA, upperA, ctime, counts);
cpmB=countspermin(lowerB, upperB, ctime, counts);
errorB=countserror(lowerB, upperB, ctime, counts);
cpmC=countspermin(lowerC, upperC, ctime, counts);
errorC=countserror(lowerC, upperC, ctime, counts);
outfile << setw(15) << sample << setw(15) << ctime
<< setw(10) << cpmA << setw(10) << errorA
<< setw(10) << cpmB << setw(10) << errorB
<< setw(10) << cpmC << setw(10) << errorC << endl;
infile >> search;
infile >> search;
}
infile.close();
outfile.close();
return 0;
}
double countspermin(int low, int high, double time, int counts[])
//returns counts per minute for a given region
{
double totalcounts=0.0, averagecpm;
for(int i=low; i<high; i++)
totalcounts=totalcounts + counts[i];
averagecpm=totalcounts/time;
return averagecpm;
}
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double countserror (int low, int high, double time, int counts[])
//returns the counting error for a given region
{
double totalcounts=0.0, error;
for(int i=low; i<high; i++)
totalcounts=totalcounts + counts[i];
error=sqrt(totalcounts)/time;
return error;
}

Raw Data for Figures in Chapter 5-7
Table 28. Raw data for Fig. 22.
System

Solution Lost (mL/g)

0.1 M HNO3 - TRU
0.1 M HNO3 - TEVA
0.1 M HCl - TEV
10 M HNO3 - TRU
10 M HNO3 - TEVA
10 M HCl - TEVA

1.72±0.01
1.31±0.05
1.32±0.03
1.71±0.03
1.39±0.02
1.21±0.01

Table 29. Raw data for Fig. 24.
HNO3 (M)

k’(Am)

k’(Cm)

SF

HBr (M)

k’(Am)

k’(Cm)

0.05
0.13
0.50
0.93
1.85
3.70
6.16
8.00
9.85

1.82±0.18
6.69±0.24
45.6±0.9
76.5±1.4
83.2±1.5
72.2±1.9
62.7±0.8
49.9±0.5
47.2±0.6

1.55±0.25
5.91±0.22
35.4±0.7
52.9±1.3
60.1±1.1
57.1±0.8
54.9±0.6
52.0±0.4
51.7±2.0

1.17±0.22
1.13±0.06
1.29±0.04
1.45±0.04
1.39±0.04
1.27±0.04
1.14±0.02
0.96±0.01
0.91±0.04

0.01
0.05
0.10
0.50
1.00
2.00
4.00
6.67

23.3±0.2
1.02±0.24
Limit
Limit
Limit
Limit
9.88±0.44
22.4±0.7

8.52±0.72
1.93±0.66
Limit
Limit
Limit
Limit
14.8±1.0
50.1±2.3
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Table 30. Raw data for Fig. 28.
HNO3 (M)

k’(Am)

k’(Cm)

SF

0.01
0.05
0.13
0.50
0.93
1.85
3.70
6.16
8.00
9.85

4.75±0.56
33.9±1.1
179±16
3210±120
10200±1130
Limit
Limit
Limit
Limit
Limit

10.8±0.4
72.1±3.0
316±12
4010±100
7500±1090
12600±2640
Limit
Limit
Limit
Limit

2.26±0.28
2.12±0.11
1.77±0.17
1.25±0.06
0.73±0.13
Limit
Limit
Limit
Limit
Limit

HCl (M)

k’(Am)

k’(Cm)

3.70
6.16

23.8±1.9
356±109

43.6±1.4
252±52

HBr (M)

k’(Am)

k’(Cm)

0.01
0.05
0.10
0.50
1.00
2.00
4.00
6.67

1.31±0.27
3.99±0.33
8.04±0.39
284±7
1350±40
18000±3800
Limit
Limit

Limit
3.40±0.66
6.66±0.71
244±9
2350±460
Limit
Limit
Limit
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Table 31. Raw data for Fig. 32.
HNO3 (M)

k’(Am)

k’(Cm)

HCl (M)

k’(Am)

k’(Cm)

0.01
0.05
0.13
0.50
0.93
1.85
3.70
6.16
8.00
9.85

Limit
Limit
Limit
11400±1200
8450±980
4030±310
914±37
292±4
181±2
148±1

12200±1300
14400±2200
13000±1600
9820±1100
7680±430
3520±170
832±24
299±5
204±3
183±1

0.01
0.05
0.13
0.50
0.93
1.85
3.7
6.16

Limit
Limit
Limit
Limit
Limit
7590±670
1410±50
606±4

Limit
Limit
Limit
18000±4300
12700±500
5780±600
1290±40
602±34

Table 32. Raw data for Fig. 34.
HNO3 (M)

k’(Am) - Ln

k’(Cm) - Ln

0.01
0.05
0.13

13800±2600
809±10
43.3±0.5

8820±880
955±19
51.4±1.3

HNO3 (M)

k’(Am) - Ln2

k’(Cm) - Ln2

k’(Am) - Ln3

k’(Cm) - Ln3

0.01
0.05

1790±90
12.0±0.5

2620±170
17.4±0.2

2.98±0.21

5.60±0.19

HCl (M)

k’(Am) - Ln

k’(Cm) - Ln

0.01
0.05
0.13

Limit
1230±50
65.0±0.8

Limit
1510±30
81.6±1.4

HCl (M)

k’(Am) - Ln2

k’(Cm) - Ln2

k’(Am) - Ln3

k’(Cm) - Ln3

0.01
0.05
0.13

2400±110
17.4±0.4

3350±170
28.9±4.4
1.27±0.16

3.75±0.23

7.32±0.33
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Table 33. Raw data for Fig. 36.
LiNO3 (M)
- 0.002 M HNO3

k’(Am)

k’(Cm)

2.00
3.00
3.25
3.50
3.75
4.00
4.50
5.00
5.50
5.75

0.38±0.24
4.25±0.22
6.82±0.32
9.02±1.02
14.8±0.7
21.5±0.8
42.3±1.6
83.1±3.7
154±4
206±9

1.74±0.26
2.73±0.22
4.12±0.34
5.76±0.39
8.46±0.44
18.8±1.4
37.1±1.4
70.8±3.5
98.9±2.2

NaNO3 (M)
- 0.002 M HNO3

k’(Am)

k’(Cm)

4.00
5.00
6.00

1.55±0.14
4.70±0.27
11.3±0.2

0.79±0.17
2.09±0.16
4.71±0.34

Table 34. Raw data for Fig. 37.
Mg(NO3 )2 (M)
- 0.002 M HNO3

k’(Am)

k’(Cm)

0.45±0.15
16.1±0.2
249±4

0.26±0.19
0.50±0.14
6.92±0.05
122±4

Ca(NO3 )2 (M)
- 0.002 M HNO3

k’(Am)

k’(Cm)

2.00
3.00
4.00

1.97±0.14
11.6±0.4
52.3±0.9

0.92±0.20
5.26±0.10
25.9±0.7

0.50
1.00
2.00
3.00
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Table 35. Raw data for Fig. 38.
Al(NO3 )3 (M)
- 0.002 M HNO3

k’(Am)

k’(Cm)

0.80
1.60

1.23±0.22
58.4±0.7

0.51±0.15
21.8±0.3

Table 36. Raw data for Fig. 40.
NO−
3 (N)
2.00
3.00
4.00
4.50
5.00
5.75
6.00

k’(Am)
EXC - LiNO3

k’(Am)
EXC - NaNO3

4.25±0.22

D(Am)
SX - LiNO3

D(Am)
SX - NaNO3

0.076±0.001
0.46±0.05

0.023±0.001

1.55±0.14
52.3±1.6

0.19±0.01
4.11±0.08

4.70±0.27
206±9

0.47±0.01
20.7±0.9

11.3±0.2

1.13±0.03

Table 37. Raw data for Fig. 48.
Days

PAR
Abs@413 nm

Tm+PAR
Abs@510 nm

Er+PAR
Abs@510 nm

0
1
4
6
8
12
15

2.999
3.005
3.027
3.041
3.059
3.084
3.102

1.215
1.054
1.058
1.085
1.093
1.078
1.098

1.184
0.986
0.940
0.998
0.994
0.963
0.979
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Table 38. Raw data for Fig. 49.
α-HIBA
(M)

Rs
(PW 10%)

Rs
(PW 5%)

t’R -Er
(min)

t’R -Tm
(min)

0.080
0.076
0.072
0.068
0.064
0.060
0.056
0.052
0.048

1.11
1.30
1.43
1.52
1.69
1.79
1.95
2.09
2.28

0.90
1.07
1.18
1.25
1.42
1.50
1.64
1.77
1.87

1.73
2.24
3.00
4.06
5.87
8.45
12.6
19.4
31.1

1.20
1.48
1.89
2.53
3.63
5.28
7.88
12.2
19.6

Table 39. Raw data for Fig. 50.
Temp.
(◦ C)

Rs
(PW 10%)

Rs
(PW 5%)

t’R -Er
(min)

t’R -Tm
(min)

15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0

1.89
1.93
1.95
1.93
1.96
1.94
2.01
2.04
2.01
2.04
1.97

1.58
1.58
1.62
1.59
1.67
1.64
1.66
1.76
1.77
1.77
1.70

10.3
11.0
11.9
12.8
13.8
14.6
16.1
17.5
19.0
20.4
21.8

6.34
6.82
7.34
8.02
8.70
9.29
10.2
11.1
12.1
13.1
14.0
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Table 40. Raw data for Fig. 51.
Flow Rate
(mL/min)

Rs
(PW 10%)

Rs
(PW 5%)

t’R -Er
(min)

t’R -Tm
(min)

1.800
1.600
1.400
1.200
1.000
0.800
0.600
0.400

1.75
1.88
1.88
1.94
1.94
1.95
1.97
2.09

1.44
1.59
1.57
1.63
1.59
1.62
1.64
1.75

7.67
8.66
10.2
11.9
14.0
17.7
23.6
35.6

4.82
5.49
6.40
7.48
8.76
11.1
14.8
22.3

Table 41. Raw data for Fig. 52.
Trial

% Dev. from Avg.
Rs (PW 10%/5%) Day 1

% Dev. from Avg.
Rs (PW 10%/5%) Day 2

1
2
3
4
5
6
7
8
9
10

-1.17/0.35
1.92/1.32
0.24/0.17
-1.35/-4.12
0.96/0.88
-0.24/-1.78
0.35/0.76
0.26/0.04
-0.24/1.31
-0.74/1.07

3.10/4.10
0.13/-0.30
-0.76/-0.64
0.89/-1.69
0.42/1.48
-1.62/0.02
-2.14/-1.37
-0.67/0.31
-0.61/-0.48
1.26/-1.42

Trial

% Dev. from Avg.
t’R (Er/Tm) Day 1

% Dev. from Avg.
t’R (Er/Tm) Day 2

1
2
3
4
5
6
7
8
9
10

1.14/1.96
-0.08/-0.34
-0.45/-0.66
0.08/0.39
-0.56/-1.26
-0.45/-0.13
-0.08/0.60
0.97/0.85
-1.17/-1.27
0.59/-0.14

-1.17/-2.03
0.48/0.43
0.22/1.02
-0.52/-0.14
-0.70/-0.89
-0.99/-0.88
-0.96/-1.04
0.84/0.23
1.49/1.73
1.31/1.57
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Table 42. Raw data for Fig. 55.
α-HIB−
(M)

Rs
(PW 10%)
0.056 M
α-HIBA

Rs
(PW 5%)
0.056 M
α-HIBA

t’R -Er
(min)
0.056 M
α-HIBA

t’R -Tm
(min)
0.056 M
α-HIBA

0.0393
0.0421
0.0439
0.0461
0.0482
0.0495
0.0508
0.0519
0.0528
0.0535
0.0543

2.62±0.37
2.36±0.14
2.26±0.08
2.12±0.06
2.11±0.11
1.96±0.07
1.79±0.06
1.68±0.04
1.53±0.06
1.35±0.04
1.24±0.04

2.13±0.40
1.82±0.30
1.83±0.10
1.76 ±0.06
1.76±0.08
1.66 ±0.06
1.53±0.06
1.38±0.02
1.22±0.04
1.11±0.03
1.01

32.6±0.7
21.6±0.3
15.8±0.2
11.2±0.1
9.20±0.09
7.67±0.08
6.62±0.05
5.87±0.02
5.32±0.02
4.97±0.02
4.79±0.02

20.3±0.5
13.4±0.2
9.84±0.10
6.98±0.06
5.72±0.04
4.81±0.06
4.15±0.01
3.75±0.01
3.46±0.01
3.28±0.01
3.22±0.03

α-HIB−
(M)

Rs
(PW 10%)
pH=4.63

Rs
(PW 5%)
pH=4.63

t’R -Er
(min)
pH=4.63

t’R -Tm
(min)
pH=4.63

0.0477
0.0487
0.0497
0.0506
0.0513

2.08±0.04
2.06±0.06
2.00±0.06
1.86±0.05
1.81±0.02

1.78±0.03
1.76±0.04
1.62±0.06
1.53±0.04
1.51±0.03

9.43±0.02
8.71±0.04
7.96±0.04
7.31±0.03
6.69±0.02

5.91±0.02
5.44±0.01
5.02±0.01
4.57±0.01
4.19±0.01
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Table 43. Raw data for Fig. 56.
α-H-α-MB−
(M)

Rs
(PW 10%)
0.056 M
α-H-α-MBA

Rs
(PW 5%)
0.056 M
α-H-α-MBA

t’R -Er
(min)
0.056 M
α-H-α-MBA

t’R -Tm
(min)
0.056 M
α-H-α-MBA

0.0395
0.0421
0.0443
0.0463
0.0480
0.0496
0.0507
0.0522
0.0534
0.0542

2.02±0.07
1.80
1.62±0.03
1.53±0.02
1.37±0.12
1.39±0.03
1.25±0.03
1.07±0.04
0.91

1.75±0.07
1.54
1.26±0.12
1.28±0.03
1.19±0.03
1.16±0.04
1.03±0.02

35.6±0.1
26.6
19.5±0.1
15.4±0.1
12.6±0.1
10.6±0.1
9.30±0.02
7.92±0.01
7.23±0.01
6.78±0.01

24.7±0.2
18.3
13.6±0.1
10.7±0.1
8.75±0.05
7.41±0.01
6.56±0.01
5.66±0.01
5.27±0.01
5.08±0.02

Table 44. Raw data for Fig. 58.
α-HIB−
(M)

t’R -Tm (PW 10%)
(min)

α-H-α-MB−
(M)

t’R -Tm (PW 10%)
(min)

0.0393
0.0421
0.0439
0.0461
0.0482
0.0495
0.0508
0.0519
0.0528
0.0535
0.0543

3.45±0.11
2.62±0.16
1.98±0.03
1.50±0.02
1.20±0.03
1.08±0.01
1.01±0.01
0.99±0.02
0.98±0.04
1.03±0.02
1.05±0.02

0.0395
0.0421
0.0443
0.0463
0.0480
0.0496
0.0507
0.0522
0.0534

4.03±0.16
3.47
2.75±0.02
2.33±0.03
2.16±0.23
1.74±0.05
1.70±0.06
1.68±0.08
1.75
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[15] K. Wisshak and F. Käppeler, “The neutron capture and fission cross section of
americium-241 in the energy range from 10 to 250 keV,” Nucl. Sci. Eng., vol. 76,
pp. 148-162, 1980.
[16] R. Reifarth, et al., “Stellar neutron capture on promethium: implications for the
s-process neutron density,” Astrophys. J., vol. 582, pp. 1251-1262, Jan. 2003.
[17] R. Reifarth, et al., “(n,γ) measurements on radioactive isotopes with DANCE,”
Nucl. Instrum. Meth. B, vol. 241, pp. 176-179, Aug. 2005.
[18] E.M. Baum, et al., Nuclides and Isotopes - Chart of the Nuclides. 16th ed. New
York, NY: Knolls Atomic Power Lab. Inc., 2002.
[19] R. Rundberg, et al., “Neutron capture cross section measurements for the analysis of the s-process,” in Origin of Elements in the Solar System: Implications of
Post-1957 Observations, New York, NY: Kluwer Acad. Pub., 2002, part II, pp.
103-110.
[20] J.M. Schwantes, et al., “Neutron capture experiments on unstable nuclei,”
Lawrence Berkeley Nat. Lab., Berkeley, CA, NNSA Ann. Tech. Rep., Dec. 2003.
[21] J. Rydberg, et al., Eds., Solvent Extraction Principles and Practice. 2nd ed. New
York, NY: Marcel Dekker, Inc., 2004.
[22] Countercurrent vs. Crosscurrent Solvent Extraction, Robatel Inc., Pittsfield, MA,
2011.
[23] T. Goto and M. Smutz, “Separation factors for solvent extraction processes: the
system of 1 M di-(2-ethyl-hexyl) phosphoric acid (in amscro 125-82)-Pr-Nd salts
as an example,” J. Inorg. Nucl. Chem., vol. 27, pp. 1369-1379, Jun. 1965.
[24] T. Braun and G. Ghersini, “Extraction chromatography,” in Journal of Chromatography Library, Budapest, Hungary: Elsevier Pub. Co., 1975, vol. 2.
[25] E.P. Horwitz, et al., “Extraction chromatography versus solvent extraction: how
similar are they?,” Separ. Sci. Technol., vol. 41, pp. 2163-2182, 2006.
[26] E.P. Horwitz and C.A.A. Bloomquist, “The preparation, performance and factors
affecting band spreading of high efficiency extraction chromatographic columns for
actinide separations,” J. Inorg. Nucl. Chem., vol. 34, pp. 3851-3871, Dec. 1972.
[27] E.P. Horwitz and C.A.A. Bloomquist, “High speed-high efficiency separation
of the transplutonium elements by extraction chromatography,” J. Inorg. Nucl.
Chem., vol. 35, pp. 271-284, Jan. 1973.
[28] F.G. Helfferich, Ion Exchange. New York, NY: McGraw-Hill, 1962.
[29] DOWEX Fine Mesh Spherical Ion Exchange Resins, Dow Chemical Co., Midland, MI, Form No. 117-01509-904, 2011.

167
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